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The continuous increase in oil price, combined with global warming caused by the 
emission of greenhouse gases, has led to the growing interest in the searching for 
alternative energy sources and the development of advanced technologies to reduce the 
emission of carbon dioxide. Membrane is an emerging technology that holds great 
promises and displays attractive advantages over conventional methods. Polymers are 
preferred to fabricate gas separation membranes due to the ease of processibility and 
relatively lower material and fabrication costs.  
 
Gas transport through polymeric membranes is dictated by the solution diffusion 
mechanism and the permeability of the membrane is a product of diffusivity and 
solubility. The trade-off relationship between the gas permeability and selectivity is 
inevitable, especially in glassy polymeric membranes. In order to overcome the 
aforementioned limitation, rubbery polymeric membranes containing CO2-philic 
materials were synthesized and further modified to achieve excellent gas transport 
properties. In this work, CO2-philic materials such as poly(ethylene oxide) (PEO) and 
ionic liquid are studied for enhancing the CO2 permeability and CO2/light gases 
selectivity. The CO2-philic materials are incorporated into the membranes by means of 
copolymerization or polymer blend. The critical parameters which play an important role 
to the ultimate membrane performance are investigated comprehensively. In view of that 
hollow fiber membrane are more prevalent in industrial applications, the high 
performance material is coated onto the hollow fiber substrate to form composite hollow 
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fiber membranes for flue gas treatment. Owing to the strong interaction between 
membrane materials and CO2, the membranes possess higher CO2 permeability than other 
gases. The CO2-selective membranes eliminate the H2 recompression process which is 
highly energy intensive and costly. In addition, the membranes displayed simultaneously 
increase in gas permeability and gas pair selectivity. The key results and conclusions 
obtained from this study are presented as follows. 
 
Poly(ethylene oxide) (PEO) containing copolyimides (PEO-PI) were synthesized using 
various dianhydrides (i.e. 6FDA, BTDA and PMDA) and diamines (i.e. ODA, mPD, 
Durene and PEO with different molecular weights) for hydrogen purification. 
Copolymers consist of hard polyimide phase and soft PEO phase. The hard polyimide 
phase improves the mechanical strength of the membrane and the gas transport mainly 
occurs in the PEO soft phase. The mechanical strength decreases with increasing PEO 
content, especially when PEO forms a continuous phase in the membrane. In terms of 
molecular weight of PEO, high molecular weight PEO possesses a high CO2 solubility 
and a low gas diffusivity due to high degree of crystallinity, and vice versa. Hence, an 
optimum molecular weight of PEO which provides a good balance between the gas 
diffusivity and solubility results in good gas separation performance of the membrane. 
The choice of dianhydride moiety in the copolymer also plays an important role to the 
ultimate membrane performance. The hard segment with smaller fractional free volume 
(FFV) hinders the intrusion of PEO phase and increases the effective volume of the PEO 
phase where gas can penetrate more easily. Based on the observation from the above 
mentioned points, PMDA-ODA-PEO2 with 60% of PEO content has the best gas 
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separation performance. The CO2 permeability and CO2/H2 selectivity in the pure gas test 
are 136.3 Barrer and 9.6, respectively. The performance of the membrane with binary gas 
feed (CO2/H2 50/50 mol%) is even better than that in pure gas test due to the sorption 
competition in the membrane. CO2, which has higher condensability, competes with H2 
for the sorption site in the hard segment and reduces the permeability of H2 in the mixed 
gas test.  
 
With the aim to make newly developed materials to be more industrially relevant, multi-
layer composite hollow fiber membranes are designed by coating ultrathin layers of a 
poly(ethylene glycol) PEG containing hybrid material onto the polyethersulfone (PES) 
porous substrate for CO2/N2 separation. The effects of substrate morphology, 
concentration of coating solution and pre-wetting agent are investigated and elucidated. 
The ideal substrate shall possess high surface porosity and small pore size. However, this 
is extremely difficult to achieve in hollow fiber spinning via dry-jet wet spinning process. 
Smaller pore size on the membrane surface is preferred to minimize the solution intrusion 
that increases the substructure resistance and adversely affects the gas separation 
performance. The concentration of the coating solution directly affects the thickness of 
the coating layer which is closely related to the gas permeance. It is easier to produce a 
defect free coating layer using a high concentration of the coating solution, but the gas 
permeance is compromised and vice versa. Therefore, an optimum concentration of the 
coating solution should be applied to obtain high gas selectivity with reasonable high gas 
permeance.  The objective of using pre-wetting agent is to prevent the solution intrusion 
phenomenon. This is accomplished by temporarily seal the pores on the membrane 
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surface and it will be removed eventually. Hence, many factors (i.e. miscibility with the 
coating solution, removing method after coating, solvent volatility etc.) must be taken 
into consideration while making the selection of the pre-wetting agent. A powerful tool 
named positron annihilation spectroscopy (PAS) is used to characterize the thickness of 
the coating layer on the asymmetric hollow fiber substrate. The ultimate thickness of the 
coating layer in our composite membrane is about 150 nm after four consecutive coatings. 
The intrinsic selectivity property of the material is achieved with high CO2 removal 
ability. The results affirm the continuous coating equipment in the large scale industrial 
application. 
 
In order to further improve the performance of PEO containing hybrid material, the 
hybrid material is modified with low molecular weight poly(ethylene glycol) dimethyl 
ether (PEGDME). The liquid state of PEGDME and its unique end groups eliminate the 
tendency of poly(ethylene glycol) (PEG) crystallization and result in an increase in both 
gas diffusivity and solubility. From the study of CO2 solubility, the CO2 solubility of the 
blending system is even higher than fully amorphous PEO. This implies that the cross-
linked silica networks in the polymer blend also contribute to the CO2 solubility as Si-O 
band has high affinity towards CO2. Scanning transmission electron microscope (STEM) 
images reveal that the silica nanoparticles are well dispersed in the polymer matrix 
without any agglomeration. The size of the nanoparticles is about 5 nm. The PEGDME 
content in the polymer blends affects the morphology of the nanoparticles as shown in the 
STEM images. More clusters of nanoparticles are formed with higher loading of 
PEGDME into the matrix as the PEGDME may reduce the water content in the mixture 
XI 
 
and facilitates the cross-linking reactions between the siloxane groups in the sol-gel 
process. The solid state 
29
Si nuclear magnetic resonance (NMR) analysis proves the 
above hypothesis. The CO2 diffusivity and solubility increase simultaneously with 
increasing PEGDME content in the polymer blend. This results in a simultaneous 
increase in CO2 permeability and CO2/H2 selectivity. The membrane with 50 wt% of 
PEGDME has CO2 permeability and CO2/H2 selectivity of 1637 Barrer and 13, 
respectively. This result outperforms most of the membranes for CO2/H2 separation. 
 
Besides poly(ethylene glycol), room temperature ionic liquid (RTIL), another class of 
material with strong affinity to CO2, is also explored for CO2 separation. Based on our 
experience, poly(RTILs) or poly(RTILs)-RTIL composite membrane has average gas 
separation performance due to the restriction of chain mobility after polymerization. In 
order to improve the gas separation performance of the membrane, a heterogeneous blend 
system is specially designed. Polymer/RTIL blends comprising poly(vinylidene fluoride) 
(PVDF) and 1-ethyl-3-methylimidazolium tetracyanoborate ([emim][B(CN)4]) are 
fabricated and the gas transport performance is investigated. The heterogeneous nature of 
the blending system is verified by both optical observation and Maxwell prediction. 
PVDF/[emim][B(CN)4] with weight ratio of 1/2 shows a high CO2 permeability of 1778 
Barrer with CO2/H2 and CO2/N2 selectivity of 12.9 and 41.1, respectively. In addition, the 
membranes display good stability at trans-membrane pressure up to 5 atm. The superior 
gas separation performance coupled with good mechanical strength of these membranes 
affirm that they have great prospective as potential materials for hydrogen purification 
and flue gas treatment. 
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In a nutshell, rubbery polymeric membranes with outstanding CO2 permeability, CO2/H2 
and CO2/N2 selectivity have been developed. The modification of the membranes is 
accomplished by incorporating high content of CO2-philic materials by either 
copolymerization or blending. Factors which influence the gas separation performance of 
the membrane have been identified and discussed. In addition, composite hollow fiber 
membranes are also developed by continuously coating technique. The main advantage of 
this technique over the dip coating method is that this equipment can be readily scaled up 
for industrial applications.  Membranes with outstanding gas separation performance and 
mechanical stability have shown their potential to be the dominant technology for clean 
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1.1. The importance of CO2 separation  
 
Global warming is a problem that is affecting people and the environment. According to 
the American Energy Information Administration (EIA) and the International Energy 
Agency (IEA), the world-wide energy consumption will continue to increase by 2% 
annually on average. The actual values starting since 1980 until today and the predictions 
of the energy consumption up to 2030 is shown in Fig. 1.1 [1]. The dependence on the 
fossil fuel is still unavoidable and the extensive oil usage generates substantial amount of 
greenhouse gases that cause irreversible and detrimental effects on the climate. The 
increasing addiction to electricity from coal burning power plants releases enormous 
amounts of carbon dioxide into the atmosphere which is accountable for the global 
warming [2]. The concentration of CO2 in the atmosphere is increasing at an accelerating 
rate from decade to decade. Fig. 1.2 shows the increasing trend of CO2 concentration in 
the atmosphere and the global temperature change over the past 5 decades [3]. The 
current CO2 concentration reaches 394.45 ppm which far exceeds the target concentration 
of 350 ppm [3]. This results in the earth surface temperature raises continuously and there 




Fig. 1. 1 World marketed energy consumption, 1980-2030. 
 
 
Fig. 1. 2 The increasing trend of CO2 concentration in the atmosphere 
 
Carbon dioxide capture and storage (CCS) is a key solution to combat climate change, 
because it significantly reduces CO2 emission from fossil-based systems [4]. It involves 
collecting, transporting and then burying the CO2 so that it does not escape into the 
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atmosphere. There are three technologies available to capture CO2 from the major 
emitters prior to the carbon dioxide storage. They are pre-combustion, post-combustion 
and oxyfuel CO2 captures. In the pre-combustion, the CO2 is captured after the water gas 
shift reactor and maximize the power output. The captured CO2 will be ready for 
transport and storage after compression and dehydration. In the post-combustion method, 
CO2 is separated from the flue gas by bubbling the gas through an absorber column 
packed with liquid solvents (such as ammonia) that preferentially absorb the CO2. The 
absorbed CO2 is released by a stream of superheated steam before it has been transported 
for storage. The CCS technology has progressed quickly from being a concept to a pilot 
scale testing. During the pilot demonstrations, a small amount of CO2 has been injected 
successfully underground for research purposes. It also can be used to enhance the oil 
recovery. However, there are still problems to be overcome before the deployment of this 
technology in large scale.   
 
To mitigate the greenhouse effect of CO2 emissions, it is important to shift the world’s 
reliance on oil to alternative clean fuel such as hydrogen (H2). Furthermore, oil is a scarce 
commodity. Considering the linear extrapolation of the rate of growth of oil consumption 
and the rate of increase of known oil reserves, it can be deduced that the end of the 
petroleum supply will probably take place around 2050 [5]. Hence, replacing the energy 
supply from fossil fuel with renewable resources such as solar, wind, wave and most 
hydro power options are the key to secure the global sustainability. Hydrogen can replace 
fossil fuels as the energy carrier for electrical generation and transportation. It is the most 
versatile energy storage system and the best energy carrier [6]. In addition, the amount of 
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energy produced during hydrogen combustion is higher than that released by any other 
fuel on a mass basis, with a low heating value (LHV) 2.4, 2.8 and 4 times higher than that 
of methane, gasoline and coal, respectively [5]. H2 does not exist alone in nature, but it 
can be produced from a wide variety of energy sources like natural gas, coal and biomass. 
Besides that, H2 can also be produced by the renewable energy. Fig. 1.3 shows the 
various ways to produce H2 via solar energy [6].  
 
Fig. 1. 3 Sustainable paths to hydrogen 
The steam reforming of natural gas is the current dominant industrial process for 
hydrogen production (eq. 1-1).  Depending on the application, the hydrogen yield and 
purity can be increased further by a subsequent water-gas shift reaction in the 
downstream of the reformer (eq. 1-2) [7].   
224 3HCOOHCH                                                                (1-1)    
222 HCOOHCO                                                                   (1-2) 
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Worldwide, industrial hydrogen is currently produced at over 41 MM tons/year with 80% 
of the production is synthesized from this process [8]. However, many by-products like 
CO2, CH4, H2O and CO which exist along with H2 have to be removed from the 
production stream before the efficient utilization of the produced hydrogen [9].
 
Pressure 
swing adsorption (PSA) and cryogenic distillation are the most conventional methods 
used for the purification of hydrogen [10,11]. The former is able to produce very pure H2 
by removing relatively high concentration of CO and CO2 [10], while the latter is 
generally used in the production of high purity CO2 and moderately pure H2 [8].  PSA 
technology was first introduced commercially in the 1960’s, and today it is used 
extensively in the production and purification of hydrogen for industrial uses. Fig. 1.4 
shows a schematic diagram of the operation of a simplified PSA process to separate 
hydrogen from a feedstock gas containing impurities. Modern PSA plants generally 
utilize layered beds configuration, the number of layers is depending on the production 
volume requirements. A typical PSA system involves a cyclic process where a number of 
connected vessels containing adsorbent material undergo successive pressurization and 
depressurization steps in order to produce a continuous stream of purified product gas. A 
high pressure feed stream which contains H2 and CO2 is introduced into the system to 
contact with a bed of solid absorbents. CO2 will be preferentially absorbed on the 
absorbents and CO2-lean gas stream leaves the column. Upon saturation of the absorbent, 
a small amount of product hydrogen is used to flush the waste gas for regenerating the 
column. Cryogenic distillation is operated at an extremely low temperature and high 
pressure to separate components according to their different boiling temperatures. The 









Fig. 1. 5 Schematic diagram of cryogenic distillation unit 
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Although the two techniques can produce relatively high purity of hydrogen, they have 
drawbacks of consuming a large amount of energy and occupying a big footprint. 
Alternatively, CO2 can be removed from hydrogen or flue gas by using membrane 
technology [12]. The following section introduces the membrane technology in gas 
separation applications. 
 
1.2. Membrane technology for gas separation  
 
The origin of membrane materials, which were used to study gas transport, can be dated 
back to almost 180 years ago. Thomas Graham first reported the scientific discovery 
related to membrane separation in 1829 [13]. JK Mitchell observed that natural rubber 
balloons deflated at different rates when they were exposed to different gas environments 
[14]. Thomas Graham measured the gas permeation rate and proposed the solution-
diffusion mechanism for gas transport in membranes [15]. Following the first 
breakthrough of producing cellulose acetate hollow fiber membrane using phase 
inversion method by Loeb and Sourirajan in 1960s, the extensive study on gas separation 
membranes began in the end of 1970s. In 1980, Henis and Tripodi produced the first 
commercial gas separation membrane Prism
®
 [16]. They use high permeability of silicon 
rubber to seal the minor defects on the skin layer of the asymmetric membrane to achieve 
the intrinsic selectivity property of the support material with minimum compromising on 
the gas flux. Many companies involved in the membrane business for gas separation and 
Table 1.1 shows the few big leading companies in membrane business and their gas 




Table 1. 1 Leading companies in membrane business and the gas separation interest 
 
 
1.3. Membrane structures and modules 
 
There are many different ways to fabricate a membrane such as solution casting, melt 
spinning, wet spinning, track etching and sol-gel process. The way of membrane 
fabrication results in different structure of the ultimate membrane. Fig. 1.6 shows the 
different types of membrane structures in gas separation applications. Generally, it can be 
categorized into four different types: (a) symmetric, (b) asymmetric, (c) asymmetric 




Fig. 1. 6 Types of membrane structure in gas separation 
 
The membrane has symmetric structure always named dense membrane. It has identical 
structure over the entire cross section of the membrane and this type of membrane usually 
prepared by solution casting method with controlling the evaporation rate of the solvent. 
Economically, symmetric membrane is not commercial viable due to the thick dense 
layer which hinder the performance of the membrane. However, it can be used for 
fundamental investigation on the intrinsic properties of the membrane material. The 
valuable information obtained from the fundamental investigation provides guidance in 
the subsequent fabrication of asymmetric membranes.  
 
The asymmetric membrane consists of a number of layers each with different structures 
and permeability. A typical asymmetric membrane has a dense selective layer and a 
porous substrate as shown in Fig. 1.6(b). The thin dense selective layer separates the gas 
molecules while the porous substrate provides mechanical strength to the membrane. The 
asymmetric structure can be obtained by either solution casting or wet spinning technique. 
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It has a graded pore structure and frequently from the same material across its thickness. 
The porous structure in the support minimizes the substructure resistance which in turn 
enhances the gas flux of the membrane. Asymmetric membrane has very thin dense 
selective layer, in other words, it has much higher gas flux compared to the membrane 
with symmetric structure. Consequently, the asymmetric membrane is more prevalent in 
industrial applications. Under the circumstance that the defect-free selective layer is not 
attainable upon optimizing the membrane fabrication protocol, the membrane still can be 
repaired by sealing the minor defects on the membrane surface using silicone rubber. 
This type of membrane is categorized as asymmetric composite membrane as shown in 
Fig. 1.6(c). Asymmetric composite membrane normally has two or more distinctively 
different layers made at different steps. If the material of the dense selective layer is not 
compatible with the substrate, the integrity between the two materials will affect the 
mechanical stability of the membrane significantly. In this case, a gutter layer which is 
compatible to both materials should be adopted to enhance the adhesion of the two layers 
and the structure is shown in Fig. 1.6 (d). 
 
Besides producing high flux, defect-free membranes on a large scale, the technology for 
making compact, high surface area and economic membrane modules is also important in 
the development of membrane technology. The most commonly used membrane modules 
in industrial are plate-and-frame, tubular, spiral wound and hollow fiber modules. 
Depending on the process applications, different types of membrane modules can be 
applied with the consideration of cost, membrane fouling and concentration polarization. 
Plate-and-frame modules were one of the earliest types of membrane system which 
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proposed by Stern [19] for recovery helium from natural gas. However, this module has 
been replaced by other alternatives due to its high cost and leaking problems of the 
module. Spiral wound and hollow fiber membrane modules are the top choices in gas 
separation processes. Hollow fiber modules have the highest packing density among all 
the membrane modules and it has lowest cost per unit membrane area. The shortcoming 
of this module design is the poor fouling resistance. However, the gaseous feed streams 
can easily be filtered and the fouling problem is not applicable in gas separation 
applications. Although fouling is not a serious issue in gas separation, concentration 
polarization does affect the separation efficiency in the module. A cross-flow hollow 
fiber module is commonly used to obtain better flow distribution and reduce 
concentration polarization.  Fig. 1.7 shows the configuration of a cross-flow hollow fiber 
module where the feed enters through the perforated central pipe and flows towards the 
module shell [12,20].  
 
Fig. 1. 7 Cross-flow hollow fiber membrane module 
 
Fig. 1.8 shows a typical spiral wound membrane module. As illustrated, the feed passes 
axially down the module across the membrane envelope. A portion of the feed permeates 
into the membrane envelope and exits through the collection pipe in the center of the 
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module. In spiral wound modules, the pressure drop increases along the way when 
permeate fluid traveling towards to the central collection pipe. Bray developed multi-
envelope design [21] to shorten the travelling distance of permeate fluid to the central 
collection pipe and minimize the pressure drop. This improves the efficiency of the 
module significantly. In despite of the fact that spiral wound module only occupies 20% 
in gas separation [22], it is more prominent than hollow fiber modules in the area of 
refineries, petrochemical plants and natural gas treatment where many condensable and 
plasticizing gas species exist in the streams. An intensive pre-treatment is required to 
remove the impurities before the gas can be fed to the hollow fiber modules and this 
additional process contributes to the total processing costs. 
 
 




1.4. Applications of gas separation membranes   
 
Membrane technology has various applications in water treatment, gas separation, 
pervaporation, electrodialysis and medical applications.  It has been used commercially 
for several gas separation applications since 1980. The major applications are introduced 
below. 
 
1.4.1. Oxygen/Nitrogen separation 
 
Oxygen-enriched air has various applications in the chemical industry, refineries and in 
biological digestion processes. It not only improves the efficiency of fuel combustion but 
also saves the energy lost with the exhaust gas [23]. In the 1980s, the oxygen-enriched 
process using silicon rubber and ethyl cellulose membranes was developed at the early 
commercial stage. However, due to the poor performance of the membranes, the cost of 
producing desired purity of oxygen was higher than other technologies [24,25]. Ideally, 
membranes having an oxygen permeability of 250 Barrer and an oxygen separation factor 
of 8~10 are required to increase the practicability of membrane technology for industrial 
oxygen production [26].  The competitive technology to produce oxygen-enriched air is 
to blend air with pure oxygen produced cryogenically to achieve desired oxygen 
enrichment. 
 
Producing high purity nitrogen is always easier than oxygen because air has almost 80% 
of nitrogen. Fig. 1.9 shows the competitive range of the various methods of obtaining 
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nitrogen [27].  Membrane technology for nitrogen production is competitive with other 
technologies, this is particularly true if the required nitrogen purity is between 95% and 
99% nitrogen. However, the production cost increases significantly if higher purity of 
nitrogen (>99%) is required. In this case, PSA and on site cryogenic or pipeline are 
favored to produce large amount high purity nitrogen. 
 
Fig. 1. 9 Competitive range of nitrogen production systems 
 
Membranes with a wide range of gas permeability and selectivity are available. However, 
in gas separation applications only the most permeable membrane materials with 
reasonable high gas pair selectivity are of interest. Table 1.2 lists the performance of 
some materials that are used in air separation. As can be seen, there is a strong trade-off 
between the gas permeability and gas pair selectivity. The membrane has high gas flux 
tends to have low selectivity and this is the common characteristic for most of the 
polymer materials as shown in Fig. 1.10 [28]. The efficiency of membrane separation can 
be improved by developing high performance membrane or system integration.  
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Fig. 1. 10 Robson upper bound for O2/N2 separation 
 
1.4.2. Hydrogen separation 
 
Hydrogen is an important feedstock in petroleum and chemical industries. It has large 
application in the production of ammonia. In fact, the first large-scale commercial 
application of membrane gas separation was the separation of hydrogen from nitrogen in 
ammonia purge gas streams. Hydrogen is mainly produced from steam methane 
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reforming, however the cheapest sources of hydrogen are refinery fuel gas streams, PSA 
tail gas and hydrocracker off-gas. These gas streams contain 30-80% hydrogen mixed 
with light hydrocarbons [22]. In the hydrogen recovery field, membrane technology 
displays to be more attractive over the other conventional technology in the economic 
view. Table 1.3 shows the general economic benefits of membranes over adsorption and 
cryogenic distillation [17]. However, the extremely high operating temperature and 
condensation of hydrocarbon vapors on the membrane surface which leads to 
plasticization or membrane fouling limits the application of membrane technology in 
refineries. Hence, developing new hydrogen permeable membranes able to operate under 
high temperature and hydrocarbon partial pressure is critical.  
 







1.4.3. Natural gas separation 
 
Natural gas is a gas mixture consisting primarily of methane with up to 20% of other 
hydrocarbons as well as impurities in varying amounts such as carbon dioxide. The 
production of natural gas in U.S. is about 20 trillion scf/year and total worldwide 
production is about 50 trillion scf/year. This makes the separation of natural gas the 
largest gas separation in industry with a total market size of about $5 billion/year globally. 
The composition of raw natural gas varies widely. Beside the main component of 
methane, it contains significant amounts of low hydrocarbon and a small amount of 
undesirable impurities such as carbon dioxide, nitrogen and hydrogen sulfide.  
Consequently, treatment is required to meet the specification in Table 1.4 [29] in order to 
be transferred in the pipeline.  




Natural gas is usually produced at high pressure. To conserve the energy, membrane 
should be designed to remove impurities into the permeate stream and leaving methane, 
ethane and other low hydrocarbons in the high pressure feed side, this can eliminate the 
recompression process which is highly energy intensive.  
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1.4.4. Carbon dioxide capture 
 
Carbon dioxide is the main greenhouse gas which causes the global warming. Capturing 
carbon dioxide from both pre- and post-combustion then sequester it into a secured place 
is an important task to mitigate the global warming issue. Amine absorption is the most 
widely used technology in removing carbon dioxide from the mixture. The high capital, 
operational and maintenance costs of this technology make people searching for an 
alternative technology. Membrane technology shows great potential to remove carbon 
dioxide. Unfortunately, it is only attractive for small scale of operation (<5 million scfd) 
and the costs is still too expensive to compete with amine absorption if the system needs 
to handle more than 40 million scfd [30]. In general, despite the advantage of small 
footprint, low maintenance cost, membrane technology is still not competitive with the 
current amine absorption technology unless the performance of the membrane increases 
significantly. In the application of carbon dioxide capture, membrane is favored only in 
offshore platforms where constrain of space is the main concern.  
 
1.5. Research objectives and organization of dissertation 
 
In view of the above review, the membrane has high gas permeability, permselectivity 
and good operational durability is essential to compete with conventional technologies in 
the industrial applications.  Currently, only a small share of the available polymer 
materials have been used to make at least 90% of the total installed gas separation 
membrane base [22] and most of them are rigid glassy polymer. Several hundred new 
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materials are not fit for industrial application due to constrains such as low permeability 
and selectivity, poor membrane formation, weak chemical or mechanical stability and 
high cost. In an effort to research on new materials which have high gas transport 
performance and excellent chemical and mechanical stability, the aim of this study is to 
conduct a systematic investigation on the molecular engineering and design of the 
membrane materials as well as to design a system to produce useful membranes for real 
industrial applications. The specific objectives of this research are to: 
 develop novel rubbery polymeric membranes based on CO2-philic materials for 
improving the CO2 permeability, CO2/H2 and CO2/N2 selectivity.  
 design a continuous coating equipment to coat the newly developed material onto 
hollow fiber substrate to form composite hollow fiber membranes. The composite 
hollow fiber membrane has many advantages over the dense film membranes. In 
addition, the continuous coating process should provide new concept to fabricate 
hollow fiber composite membranes effectively. This concept can be readily adopted 
to scale up and to use it for industrial applications.  
 
This dissertation is presented in seven chapters and a brief description of each chapter is 
as follows.  
 
Chapter 1: A review on the importance to shift the reliance on fossil fuel to alternative 
clean fuels such as hydrogen. This chapter highlights the rapid development in membrane 
technology competes with the conventional technologies on hydrogen purification and 
carbon dioxide capture. The membrane structures and modules have been reviewed. The 
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applications of membrane technology in gas separation are discussed and the research 
objectives are emphasized. 
 
Chapter 2: The gas transport mechanisms and the terminologies used in membrane 
separation are reviewed. The polymeric membranes used for gas separation are surveyed 
and discussed in category of glassy polymers and rubbery polymers. In addition, various 
modification approaches have been presented in order to enhance the gas separation 
performance of membranes. 
 
Chapter 3: The materials used for membrane fabrication are included. The membrane 
preparation protocols for dense film, single-layer hollow fiber and composite hollow fiber 
membranes are documented. The detailed description of the characterization techniques 
used to determine the physiochemical and gas transport properties of the membranes are 
elaborated. 
 
Chapter 4: The effects of PEO content, PEO molecular weight and fractional free 
volume on the gas separation performance are investigated in PEO containing 
copolyimide. The performance of the membrane at different CO2 partial pressure is also 
studied using equal molar CO2/H2 mixed gas. Since the membrane has micro-phase 
separated structure between the hard and soft segments, Maxwell model is proposed to fit 




Chapter 5: This chapter describes the fabrication of composite hollow fiber membranes. 
The critical factors such as surface morphology of the substrate, concentration of the 
coating solution and number of consecutive coatings for the optimization on gas 
separation performance are discussed. The performance of composite hollow fibers under 
different temperatures and pressures are also evaluated and the potential to scale up this 
technology for industrial application is highlighted.  
 
Chapter 6: A new material based on the coating material used in chapter 5 is developed. 
The newly developed membranes display excellent CO2 removing capability and high 
CO2/H2 selectivity. The effect of the cross-linked inorganic structure on gas separation 
performance is investigated and the effect of carbon monoxide on the mixed gas 
performance of the membranes is also explored to simulate its actual performance in real 
industrial applications. 
   
Chapter 7: In this chapter, another type of CO2-philic material is explored to fabricate 
CO2 selective membranes for removing carbon dioxide from hydrogen and flue gas. A 
commercially available polymer PVDF blends with an ionic liquid which has high 
affinity to CO2 to form a heterogeneous polymer/ionic liquid blend. The outstanding gas 
separation performance and the natural of the membranes guide the future development 
in polymer ionic liquid membrane for gas separation.  
 
Chapter 8: This chapter summarizes the key conclusions from this study and the future 
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2.1. Membrane separation and gas transport mechanisms 
 
Membrane does not have an exact definition, generally, it is a layer of material which 
serves as a selective barrier between two phases and remains less permeable to specific 
particles, molecules, or substances when exposed to the action of a driving force [1,2]. 
The driving forces arise from a gradient of chemical potential due to concentration 
gradient or pressure gradient or both. Fig. 2.1 shows the schematic diagram of a 
membrane process.  
 
Fig. 2. 1 Schematic diagram of a membrane process 
 
Depending on the driving force and the physical sizes of the separated species, membrane 
processes are classified as: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 
reverse osmosis (RO), dialysis, electrodialysis (ED), pervaporation (PV) and gas 
separation. Table 2.1 shows the type of membrane, driving force as well as the size of 
materials retained for each process.  
28 
 
Table 2. 1 Characteristics of each membrane process 
 
 
In the application of membrane for gas separation, there are two extreme types 
membranes are considered, namely, porous and nonporous membranes. The transport 
mechanisms through these two types of membrane are completely different. Fig. 2.2 
shows the schematic diagram of major gas transport mechanisms in membranes. In the 
porous membrane, the gases are selectively passed through the membrane mainly based 
on their molecular size. Hence the mean free path of gases and the diameter of pores are 
the determinant factors to the gas transport properties. Depending on the sizes of the 
membrane pores and the gas molecules, there are three fundamental gas transport 
mechanisms in porous membrane, namely Poiseuille flow, Knudsen diffusion and 
molecular sieving mechanisms. For the capillary condensation and surface diffusion 
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mechanisms, the gas transport through the membrane based on the interaction and 
affinity between the gas molecules and membrane pore wall. The gaseous penetrant has 
higher interaction or affinity to the membrane pore walls is preferentially diffuse through 
the membrane. However, the gas transport in non-porous membranes occurs via the 
solution diffusion mechanism, which is totally different with that in porous membranes.  
 
Fig. 2. 2 Schematic diagram of gas transport mechanisms 
 
2.1.1. Poiseuille flow 
 
Poiseuille flow is also known as viscous flow, which occurs when the pore radius (rp) is 
larger than the mean free path (λ) of the gas molecules. The mean free path (λ) is given as  
                                                            (2-1) 
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where η is the gas viscosity, p is the pressure, T is the temperature, Mw is the gas 
molecular weight and R is the gas constant [2]. In Poiseuille flow, membrane contains 
pores large enough to allow convective flow, where gas molecules collide exclusively 
with each other and no separation is achieved between the gas molecules. This type of 
transport mechanism is always observed in the porous membrane substrate, where the 





2.1.2. Knudsen diffusion 
 
Knudsen diffusion occurs when the mean free path of the gas molecules become greater 
than the pore diameter in the membrane [1]. In this condition, the gas molecules interact 
with the pore walls much more frequently than with each other and the permeation of 
each gas molecule is independent of the neighboring molecules. Knudsen diffusion 
principally takes place in the membrane with pore size of 50-100 Å in diameter [3]. The 
gas diffusion rate under Knudsen diffusion can be quantified by Knudsen diffusion 
coefficient (Dk), which is inversely proportional to the square root of the molecular 
weight of the gas molecules.  
                                      (2-2) 
where dp is the average pore diameter in (m), v is the average molecular velocity (m/s), T 
is the operating temperature (K) and Mw is the molecular weight of gas. The highest 
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separation factor between two different gas molecules A and B can be expressed by the 
following equation. 
                                                                                (2-3) 
 
2.1.3. Molecular sieving 
 
Molecular sieving mechanism is operated strictly based on the size discrimination 
between gas molecules through ultra-micro pores (dp<7 Å). The small-sized gas 
molecules diffuse through the membrane while retaining the large ones physically. This 
gas transport mechanism becomes increasing important in gas separation because the 
porous structure has led to high permeability while the high selectivity is achieved 
through effective size and shape separation between the gas molecules. Carbon molecular 
sieve membranes (CMSMs) and zeolites are the typical membranes in which the gas 
transport is dominated by molecular sieving mechanism. The ratio of the gas molecular 
size to the micro-pore diameter controls the gas permeation rate and separation in 




Solution-diffusion mechanism occurs in the nonporous membrane, where the gas sorption 
plays an equally important role as gas diffusion. In solution-diffusion mechanism, the gas 
transports through the membrane via three main steps: (1) sorption of gas molecules from 
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the upstream into the membrane, (2) diffusion of the gas molecules across the membrane, 
(3) desorption of gas molecules at the downstream [2]. The gas transport in dense 
polymeric membranes is governed by solution-diffusion mechanism. The transport of 
small gas molecules is governed by diffusion rates while the transport of condensable 
gases is determined by the sorption ability between the gas molecules and the membrane.  
 




The performance or efficiency of a membrane is determined by two parameters: 
permeation rate and selectivity. In gas separation, a measure of steady-state transport flux 
of a penetrant A through a membrane with a film thickness, l, is denoted as permeability. 
Permeability is a driving force-normalized and thickness –normalized flux defined as [5]: 
                                                                              (2-4) 
where NA is the steady-state gas flux of penetrant A, l is the thickness of the membrane, 
and are the downstream and upstream pressures, respectively. The permeability of 




 (STP)-cm / cm
2
-s-cmHg) [6]. At 
steady-state, the gas flux at any point inside the membrane is given by Fick’s law [7]: 
                                                                             (2-5) 
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where Dloc is the local diffusion concentration of the gas in the membrane, WA is the mass 
fraction of gas in the membrane, CA is the concentration gas A dissolved in the membrane 
and x is the distance across the membrane. The integral of equation 2-5 with the boundary 
conditions from x=0 (C=C2) to x=l (C=C1) yields:  
                                                                                          (2-6) 
With this equation, the permeability of a gas can be expressed as: 
                                                                                         (2-7) 
where DA is the average effective diffusion coefficient between C1 and C2.  When the 
upstream pressure and concentration (p2 and C2) are much greater than their downstream 
analogs, equation 2-7 simplifies as follows: 
                                                                                (2-8) 
where the SA is the equilibrium solubility coefficient of a gas penetrant A in the 
membrane, it is the ratio of the concentration of gas dissolved in the membrane at 
equilibrium to the pressure of gas in the contiguous gas phase [7]. This result indicates 
that the gas permeability depends on two factors: one is a thermodynamic term, S, which 
characterizing the number of gas molecules sorbed into and onto the polymer and the 
other one is a kinetic term, D, which characterizing the mobility of gas molecules as they 






The diffusion of gas molecules through the dense membranes is made possible by the 
opening of transient gaps in the polymer chain matrix due to thermal fluctuations. The 
diffusion coefficient is a measure of the frequency at which transient gaps of sufficient 
size are opened in the polymer matrix to allow the random movement of the gas penetrant. 
It depends primarily on the size of the penetrant, flexibility of the polymer chains and the 
free volume size and distribution of the polymer [8]. The diffusivity of gases decreases as 
the kinetic diameter of the gas molecule increases.  
 
Diffusion in rubbery polymeric materials involves the generation of a sufficiently large 
gap in the polymer adjacent to the sorbed penetrant for the penetrant to move into, with 
the subsequent collapse of the sorbed cage that was previously occupied by the penetrant. 
Thermally induced motions of the polymer segments are responsible for creation and 
destruction of these transient gaps or holes. The rate of diffusion depends on the 
concentration of holes that are sufficiently large to accept diffusing molecules. Diffusion 
in glassy polymeric materials is different from rubbery polymers primarily because of the 
difference in the characteristic scales of the micromotions that occur at segmental level 
for the two states. In glassy polymers the micromotions are much less extensive than 
rubbery polymers and are believed to be torsional oscillations. Some differences arise due 






Gas solubility in polymeric membranes is determined by condensability of the gas 
molecule and the interaction between the gas molecule and the polymer material. The 
condensability of the gas molecule is closely related to the critical temperature of the gas 
species, the gas has high critical temperature tends to be condensed easier than the one 
has low critical temperature [9]. Sorption in rubbery polymers is similar to the dissolution 
of gases in liquids. The gas sorption, C, can be described using Henry’s law as follows 
[10]. 
                                                                                      (2-9) 




-bar), p is the 
pressure (bar). However, several models have been developed to describe the sorption 
and of glassy polymers. The commonly used one is dual-mode sorption model, which 
consisting of Henry mode and Langmuir mode [11-12]. The complication arises due to 
the presence of unrelaxed volume in glassy polymers which acts as adsorption sites to the 
gas molecules. The dual-mode sorption model can be expresses as: 
                                                                  (2-10) 
where b is the Langmuir affinity parameter (1/bar) and 
'





). For most glassy polymers at a low pressure environment, gas 
molecules are sorbed into Langmuir mode sites more easily than into Henry’s mode sites. 
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The situation changes at a high-pressure environment, because the capacity of Langmuir 
mode sites is saturated. Thus, Henry’s mode becomes predominant for further sorption.  
 
2.2.4. Fractional free volume 
 
The fractional free volume (FFV) is a fraction of total amount of free spaces. It is an 
important parameter in polymers because it affects both gas sorption and diffusion 
coefficient [8]. The phenomenon is more obvious in glassy polymeric materials. Fig. 2.3 
shows the specific volume against temperature for a typical glassy polymer. It can be 
seen that the unrelaxed free volume (excess free volume) presence when the temperature 
below the glass transition temperature of the material. This is attributed to the non-
equilibrium state of the material induced by the limited mobility of entangled polymer 
chains at that temperature [13,14]. 
 




The fractional free volume of a polymer can be calculated using the following equation 
[15] 
                                                                                         (2-11) 
                                                                                                (2-12)  
                                                                                             (2-13) 
where VSP is the specific volume of polymer (cm
3
/g), V0 is the volume occupied by the 
polymer chains (cm
3
/g), ρ is the density of the polymer material g/cm3) and Vw represents 
the Van der Waals volumes which can be calculated from the group contribution method 
proposed by Bondi [16]. As for the copolymers, VW is predicted by the equation: 
                                                                    (2-14) 
where y1 and y2 are the molar fractions and VW1 and VW2 are the van der Waals volumes of 
homo-polymers 1 and 2, respectively.  
 
Recently, positron annihilation lifetime spectroscopy is widely used to determine the 
fractional free volume in the polymer materials [17,18]. The free volume size and size 
distribution is derived from the annihilation time of the positron inside the polymer 
cavities. This analysis using this equipment provides qualitative and quantitative results 
of the polymers. Tanka et al reported the correlation of diffusivity and FFV [19], the 
correlation of the permeability and free volume also been reported by McHattie et al. [20]. 
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They found a good correlation of FFV and the gas permeability. Generally, the FFV 
increases with looser packing of the segment, therefore, the gas diffusivity and 




The permselectivity is measuring the efficiency of a membrane material in separating one 
component over the other component in the gas mixtures. For a binary gas mixture 
permeating across a membrane, the permselectivity can be expressed as 
                                                                                      (2-15) 
where yA, yB, and xA, xB refer to mole fractions of the components in the permeate stream 
and feed stream, respectively. When the pressure in the permeate stream is negligible, the 
separation factor 
*
BA  can be expressed as the ratio of the permeability of the gas 
penetrants A and B as follows: 
                                                                   (2-16) 
Under these conditions, 
*
BA is called ideal permselectivity and it can be expressed as the 










). Therefore, both 
diffusivity selectivity and solubility should complement each other in order to achieve 
high selectivity of the membrane. Generally, the diffusivity selectivity dominates the 
overall gas separation in glassy polymeric membranes, where the gas separation mainly 
39 
 
depends on size discriminating ability of the polymer material [21]. However, the 
solubility selectivity dominates the performance of the membrane if rubbery material is 
used. 
 
2.3. Polymeric membranes for gas separation  
 
Polymeric membrane is widely used in gas separation applications. Depending on the 
glass transition temperature of the membrane material, the polymers are generally 
categorized as glassy polymers and rubbery polymers. In glassy polymers, the mobility 
term is usually dominant, gas permeability increases with decreasing gas penetrant size. 
The gas separation is mainly achieved by size discriminating of the gas penetrants and the 
diffusivity selectivity dominates the overall selectivity of the membrane. Conversely, in 
rubbery polymers, the permeability increases with increasing gas penetrant size and 
larger gas molecules permeate preferentially. Therefor the solubility selectivity is 
dominant in rubbery polymeric membranes. 
 
2.3.1. Glassy polymers 
 
Glassy polymers, as a class of high performance polymers with excellent thermal, 
chemical and mechanical stabilities, have received great attention in the application of 
membrane for gas separation. Polysulfone and cellulose acetate are widely used in early 
gas separation plants for hydrogen recovery from ammonia plant purge gas stream. 
However, it was substituted by polyimide because polyimides exhibit excellent gas 
40 
 
separation performance and good physiochemical properties. Polyimides can be 
synthesized using various dianhydrides and diamines via polycondensation reaction [22]. 
In the design of homo-polyimides, the following factors should be considered in order to 
produce a membrane with optimum performance: (1) spatial linkage configurations, (2) 
structure of connector groups and (3) bulkiness and polarity of pendant groups [23]. 
Considering of the spatial linkage configurations, the symmetric para- linkage exhibit 
higher degree of rotational freedom compared to the unsymmetrical ortho- and meta- 
linkages. The higher degree of rotational freedom leads to lower chain packing efficiency 
and higher FFV in the polymer [24,25]. On the other hand, the gas selectivity diminishes 
when the symmetric para- linkage exists in the polymer backbone. This could be 
attributed to the presence of high FFV which reduces the size discriminating ability of the 
membrane. The structure of the connector groups present in the diamines affects the gas 
permeability and selectivity. The connector groups with low energy barriers (e.g. O and S 
linkages) facilitate chain mobility and results in high gas permeability. The gas pair 
selectivity is mainly dependent on the electronegativity of the linkages. Higher 
electronegativity leads to stronger interaction between the polymers chains which tighten 
the inter-chain distance and increases the selectivity of the membrane. The incorporation 
of the bulky pendant groups in the polymer affects the membrane gas separation 
significantly. Generally, the appearance of the bulky groups as the side chain or main 
chain results in a more loose chain packing and substantial increase in the permeability. 
Kim et al. [26] investigated the permeability and selectivity of polyimides based on 
6FDA (hexafluoro-dianhydride) and PMDA (pyromellitic dianhydride). Owing to the 
existence of –C(CF3)2– group in 6FDA, the gas permeability of 6FDA based polyimides 
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is much higher. Tanaka et al. [24] studied the gas permeability, diffusivity and solubility 
in a number of fluorinated and non-fluorinated polyimides. A noticeable increase in gas 
permeability was observed in the polyimides with –C(CF3)2– groups either in 
dianhydrides or diamines. However, the selectivity is lower when the –C(CF3)2– groups 
appeared in the diamines. The gas permeability can be affected by the substituted diamine 
fragments as shown in Table 2.2 [27]. As can be seen that the increase in permeability 
correlate with the total size of side groups. The higher volume of the substituent leads to 
the higher gas permeability, but the selectivity is compromised.  
 




Besides that, Yampolskii et al. [28] also investigated the gas separation performance of 
polymers after incorporating the Si(CH3)3 groups into a serious of polymers. They 
observed the permeability increased substantially with the introduction of the Si(CH3)3 
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groups as the side chain regardless the structure of the main chains, sometimes the 
selectivity also increased with the improved gas permeability. In the examination of 
numerous Si-substituted glassy polymers, the side groups with symmetry structure 
(SiMe3) have the strongest effect on gas permeability [29]. The long linear substituents 
(e.g. SiMe2-n-C6H13) lead to reduced free volume in the polymer which results in reduced 
permeability.  
 
Size discriminating is the main mechanism to achieve the gas separation. Hence it is not 
difficult to understand the permeability of H2 is greater than CO2, because the molecular 
size of H2 is smaller than CO2. However, there is another type of glassy polymers which 
possess very high free volume and are highly permeable to CO2. There are poly(1-
trimethylsilyl-1-propyne) (PTMSP), poly(4-methyl-2-pentyne) (PMP), Polymer of 
intrinsic porosity (PIM) and thermally rearranged polymer. Due to the high free volume 
cavities in these polymers, the molecular sieving ability of the polymers is weakened and 
the gas solubility dominates the gas separation. The CO2 permeability of PTMSP and 
PMP is 18200 Barrer and 11000 Barrer, respectively, but they show poor CO2/H2 
selectivity. Park et al. [30] invented a new class of polymer named thermal rearranged 
polymer. The thermally rearranged polymers are obtained via a thermal decarvoxylation 
of polyimide precursor which induces the polymer chain rearrangement and enhances the 
free volume of the polymer substantially. The hourglass shaped pores formed during the 
thermal rearrangement process allow the gas with small molecule size to transport across 
and retain those gases with bigger molecular size. Therefore, the high gas separation can 




In order to achieve better balance between gas permeability and selectivity, polyimides 
can be specially tailored via copolymerization [31-35] or polymer blending [36-38]. 
Wang et al. investigated the performance of a 6FDA-2,6-DAT/mPDA copolyimides [34]. 
The balance was achieved by combining the 6FDA-2,6-DAT which has high gas 
permeability and 6FDA-mPDA which possesses high selectivity at different weightage of 
diamine contents. In the blending of polysulfone/polycarbonate membranes for H2/CO2 
separation [36], the H2 permeability increased 50% with increasing polycarbonate content 
of 50% in the membrane, however, the H2/CO2 selectivity dropped by half. The important 
consideration in the selection of polymers for the blend system is their miscibility. 
Miscible polymer constituents are important to ensure the homogeneity and 
reproducibility of the membranes. 
 
2.3.2. Modification of glassy polymers 
 
Although the glassy materials exhibit attractive gas transport ability, the existence of the 
high free volume in the polymer matrix leads to high tendency of plasticization by the 
condensable gases. The non-equilibrium glassy state also accelerates the polymer aging 
over time. Hence, the structure of glassy polymers needs to be further stabilized to 
improve the membrane stability.  
 
Polymer blending is easy and simple in terms of membrane preparation because the 
materials used are usually easily accessible. In the work by Kapantaidakis et al. [39] the 
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incorporation of polysulfone which has higher resistance towards CO2 plasticization 
enhanced the anti-plasticization property of Matrimid/polysulfone blend membranes 
when compared to the pure Matrimid. Bos et al. [40] also observed that the Matrimid/P84 
exhibits better anti-plasticization property than pure Matrimid after blending with P84. 
The blend membrane showed better CO2/CH4 separation performance.  
 
Cross-linking is the most versatile method to modify the polymers. It can be done via 
chemical crosslinking [41-45], thermal crosslinking [46,47] or UV irradiation [48,49]. In 
the chemical crosslinking, small molecular size diamines or diols are usually used as the 
crosslinking agents. Low et al. [43] modified the 6FDA-ODA/NDA copolyimide with 
ethylenediamine (EDA), 1,3-diaminopropane (PDA) and 1,4-diaminobutane (BuDA) in 
the methanol solution. The H2/CO2 ideal selectivity increased from 2.4 to 64 after PDA 
modification for 90 minutes. They observed the simultaneous occurrence of chemical 
grafting, cross-linking and etching on the membrane surfaces during chemical 
modification. The favorable kinetic property and appropriate nucleophilicity of PDA 
result in outstanding H2/CO2 selectivity. Xiao et al. [44] modified 6FDA based polyimide 
using different generation of polyamidoamine (PAMAM) dendrimers. In their study, they 
concluded that the modification time and the type of dendrimer are the determinant 
factors to the ultimate performance of the membrane. The ideal selectivity of He/N2 
increases to about 200% as compared to the original polyimide film and the CO2/CH4 
selectivity also projected to surpass the Robson upper bound via this modification. Koros 
and his co-workers [47] thermally treated the polyimide membrane below the glass 
transition temperature, the resultant membrane displayed enhanced gas permeability 
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while maintained the gas selectivity. In addition, the anti-plasticization property of the 
membrane also improved significantly, the plasticization in the pure CO2 gas and 50% of 
CO2 mixture was only observed at 700 psia and 1000 psia, respectively. This is much 
higher than the plasticization pressure of the uncross-linked membrane.  
 
Another way to stabilize the membrane is creating interpenetrating networks in the 
polymer matrix [50-52]. Low et al. [52] studied the tuning of the cavity size and free 
volume distribution via the formation of a pseudo-interpenetrating polymer network 
using azido-containing monomers. The azido-containing monomer produces nitrene 
radicals in the presence of heat or ultraviolet, the nitrene radical reacted with the 
functional groups on the polymer chains and formed interpenetrating networks in the 
polymer matrix. The selectivity of O2/N2 and CO2/CH4 was improved and the membrane 
became more stable as demonstrated at higher plasticization CO2 pressure in the 
interpenetrating polymer networks. Generally, the cross-linking tightens the polymer 
chains and reduces the gas diffusivity. The reduced free volume results in a more stable 
condition of the membrane. Hence the anti-plasticization and aging phenomenon can be 
effectively improved.  
 
2.3.3. Rubbery polymers 
 
Rubbery polymers usually are soft and flexible, gas separation by virtue of permeant 
solubility in the membrane material rather than the permeant diffusivity coefficient. 
Polydimethysiloxane (PDMS) is the most commonly used rubbery material in gas 
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separation applications. The glass transition temperature of PDMS is among the lowest 
recorded for polymers (-123
o
C), this implies that the polymer chains in PDMS is very 
flexible [53]. The high segmental motion can be attributed to the Si-O linkage of the 
backbone which has low activation energies of diffusion in PDMS matrix. Barrer et al. 
[54] compared the solution and diffusion between silicon and natural rubber. They 
observed that the solubility of few hydrocarbons is very similar. However they diffusivity 
coefficients are at least an order of magnitude greater in silicon than natural rubber. The 
diffusion in silicon rubber is less dependent upon molecular size and shape of penetrant 
than in natural rubber, the solubility selectivity dominates the overall selectivity of the 
membrane. Owing to the  high solubility selectivity of the silicone rubber, this material is 
widely used for separating highly condensable gases (e.g. CO2, C2-C4 olefins and 
paraffins) from permanent gases (e.g. H2, O2, N2, CH4) [55-57]. 
 
Polyethylene oxide is another attractive rubber polymer to fabricate membrane for gas 
separation. Kawakami et al. [58] observed the CO2/N2 selectivity increased, while the 
O2/N2 selectivity was maintained, with increasing PEG content in the PEG blend 
membrane. From this result, the strong interaction between the ethylene oxide (EO) unit 
and CO2 has been confirmed. The polar ether oxygen unit not only leads to flexible 
polymer chain but also provides strong interaction with CO2 gas which results in high 
CO2/light gases selectivity [9]. The solubility selectivity dominates the overall membrane 
selectivity and the membrane is reverse selective (CO2-selective) in the treatment of CO2 
and H2 gas mixture. Okamoto et al. [22] synthesized the PEO containing copolyimide 
(PEO-PI) for flue gas treatment. In the PEO-PI with PEO content up to 70%, the CO2 
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permeability and CO2/N2 selectivity reached 140 Barrer and 70, respectively. The 
remarkably high CO2/N2 selectivity is attributed to the high CO2/N2 solubility selectivity. 
Bondar et al. [59] used Pebax, which consists of PEO soft segment and nylon-6 (PA6) or 
nylon-12 (PA12) as the hard segment, for separating CO2 from H2 and N2. Extremely 
high CO2/H2 and CO2/N2 gas selectivity were achieved with high CO2 permeability. 
Again, the high selectivity is obtained because of the polar/quadrupolar interaction 
between the EO unit and CO2. Phase separated structure exists in these copolymers which 
the gases permeate through the membrane mainly via the PEO soft segment while the 
hard PI or PA segment provides mechanical strength of the membrane.  
 
2.3.4. Modification of rubbery polymers 
 
Although the PEO containing membranes displayed excellent results, but the ease of 
crystallization and poor mechanical properties of PEO preclude the further improvement 
in gas separation performance. The strategy to overcome the shortcomings of PEO 
material is to disrupt the alignment of polymer chains by cross-linking. Lin et al. [60] 
invented a highly branched and crosslinked PEO membrane for CO2/H2 separation. With 
30 wt% of crosslinker, the PEO crystallinity was totally suppressed. The crosslinked 
membrane showed CO2 permeability of 400 Barrer and CO2/H2 selectivity about 9 at 35 
o
C. Unlike those glassy polymers, membrane is plasticized by the highly condensable 
gases and the gas separation performance deteriorates, the crosslinked PEO membrane 
displayed enhanced performance when the partial pressure of CO2 increases. The gas 
separation performance of the membrane is even better at low temperature, the CO2 
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permeability and CO2/H2 selectivity at -20 
o
C reached 410 and 30, respectively. Car et al. 
[61] modified Pebax with small molecular weight of PEG. The PEG additive in the Pebax 
matrix deteriorated crystal structure with smaller and imperfect crystallinity, the 
crystallinity of PEO was completely eliminated with 50 wt% of PEG additives. At the 
same time, the polymers became more flexible as can be seen from the reduced glass 
transition temperatures. Hence, the improved CO2 permeability was attributed to the both 
increment in CO2 diffusivity and solubility. Interestingly, the CO2 permeability and 
CO2/H2 selectivity increased simultaneously with the addition of PEG in the Pebax 
matrix. After the discovery of this methodology, many other membranes were modified 
by different PEO additives [62-64]. Other researchers like Taniguchi et al immobilized 
the PAMAM dendrimers within a PEG network by the photopolymerization of PEG 
dimethylacrylate [65]. The composite membrane with 50 wt% of PAMAM dendrimer 
showed an impressive CO2 permeability and CO2/H2 selectivity of 3650 Barrer and 500, 
respectively. The extremely high gas separation performance could be the combination 
effects from two factors, one is the amine groups on the dendrimers facilitate the CO2 
transportation and the other one is attributed to the presence of dendrimer possibly 
inhibits the crosslinking of the PEG oligomers and increases the free volume in the 
membrane. Recently, Shao and Chung fabricated a cross-linked PEO/silica reverse 
selective membrane for hydrogen purification [66]. This cross-linked organic-inorganic 
hybrid membrane had improved mechanical strengths and reduced crystallization in 
comparison with a pure PEO membrane. No crystallization was reported at a 75% silica 
loading in their membranes, which is especially desirable in gas separation as crystals 
reduce the overall gas permeability. In addition to the total suppression of PEO 
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crystallinity, the mechanical strength of the membrane also improved as the silica content 
in the membrane increases. Therefore, this methodology of modification on rubbery 
polymers seems promising. Chung’s group extended many work based on the crosslinked 
PEO/silica matrix in increasing the PEO content of the membrane by means of blending 
or grafting [67-70]. The highest CO2 permeability reaches 2000 Barrer with CO2/H2 
selectivity of about 13 at the testing temperature of 35 
o
C. This result is the highest ever 
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3.1. Materials and membrane fabrications 
 
3.1.1. PEO containing copolyimide dense films 
 
The PEO containing copolyimides were synthesized using various monomers. Fig. 3.1 
shows their chemical structures. 3,3′,4,4′ benzophenonetetracarboxylic dianhydride 
(BTDA) from Lancaster, 4,4'-(hexafluoroisopropylidene) diphthalic anhydride (6FDA), 
pyromellitic dianhydride (PMDA), 1,3-phenylenediamine (mPD), 2,3,5,6-tetramethyl-p-
phenylenediamine (Durene), 4,4'-oxydianiline (ODA) and polyoxyethylene bis(amine) 
with molecular weights of 1900, 10000 and 20000 g/mole were obtained from Sigma-
Aldrich Co. The polyoxyethylene bis(amine) was used without further purification, while 
the rest of monomers were purified by vacuum sublimation except Durene which was 
purified by re-crystallization in methanol. N-methyl-2-pyrrolidinone (NMP) from Merck 
was used as solvent after purified by vacuum distillation.  
 
Fig. 3. 1 Chemical structures of monomers used in this study 
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All the copolyimides were synthesized via the thermal imidization method. The detailed 
dense films preparation procedures are as follows: the polyethylene bis(amine) and the 
comonomer diamine were dissolved in NMP under nitrogen environment at room 
temperature. A stoichiometric amount of dianhydride was slowly added into a 
magnetically stirred flask. After all the solids were dissolved, the solution was stirred 
overnight. The resultant 10 wt% copoly(amic acid) solution was filtered using a 1.0μm 
PTFE membrane before casting onto a Teflon petri-dish. The solution was dried under 
vacuum at 80
o
C for 12 hours that allowed slow solvent evaporation. The temperature was 
increased by 12
o
C at 20 minutes interval until it reached 200
o
C. The membranes were 
thermally imidized at 200
o
C for 24 hours under vacuum and then it was cooled down 
naturally. The thicknesses of the films were in the range of 50-150μm.  
 
3.1.2. Multi-layer composite hollow fiber membranes 
 
The composite hollow fiber membrane consists of a porous hollow fiber substrate and an 
ultra-thin dense selective layer. Commercial Radel A polyethersulfone (PES) was used as 
the material of the hollow fiber substrate. It was purchased from Solvay Advanced 
Polymers L.L.C., GA. The polymers were dried in a vacuum oven at 120 
o
C for 24 hours 
prior to use. The material of the dense selective layer was synthesized using Jeffamine 
ED-2003 and 3-glycidyloxypropyl-trimethoxysilane (GOTMS).  Jeffamine ED-2003 with 
a molecular weight of 1900 g/mole, GOTMS and ethanol (HPLC grade) were purchased 
from Sigma-Aldrich Co. They were used as received. Diethylene glycol (DG) from 
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Sigma-Aldrich was used as a non-solvent additive and N-methyl pyrrolidone (NMP) 
from Merck was used as received for dope preparation.  
 
3.1.2.1. Preparation of hollow fiber substrates 
 
A binary PES/NMP (28/72) system and two ternary PES/DG/NMP (28/15/57) and 
PES/DG/NMP (28/30/42) systems were selected as spinning dopes for the preparation of 
porous hollow fiber supports. The purpose of adding DG as a non-solvent additive was to 
increase bulk and surface porosity, minimize substructure gas transport resistance, and 
enhance the effective area for gas transport. The dope solution was prepared by adding 
the dried PES into a chilled NMP or NMP/DG solution portion-wise and stirred 
continuously with a mechanical stirrer overnight. The homogeneous solution would be 
remained still for a day for degassing before pouring into an ISCO pump for spinning. 
The PES single layer hollow fiber membranes were fabricated by a dry-jet wet spinning 
process. The experimental set up is shown in Fig. 3.2 and detailed spinning procedures 
have been described elsewhere [1]. Water was used as the external coagulant and its 
temperature was maintained at room temperature which was approximately 25 
o
C. To 
reduce the gas transport resistance in the membrane substructure, a NMP/water mixture 
with a weight ratio of 95/5 was used as a bore fluid to produce a porous inner surface. 
The detailed spinning conditions were summarized in Table 3.1. The as spun fibers were 
immersed in water for two days followed by solvent exchange with methanol and hexane. 




Fig. 3. 2 Schematic diagram of a hollow fiber spinning line 
 





3.1.2.2. Fabrication of composite hollow fiber membranes  
 
The composite membranes were fabricated by a continuous coating process. Fig. 3.3 
shows the schematics of the continuous fiber coating equipment.  
 
Fig. 3. 3 Schematics of the continuous coating equipment 
 
Basically, the equipment consists of two glass coater, one tubular dryer and one take up 
unit. The hollow fiber goes through the two glass coaters, one contains the pre-wetting 
agent and the other carries the coating solution. Fluorinert
®
72 from 3M was used as a 
pre-wetting agent. It is immiscible with the coating solution and was used to seal the 
pores on the membrane surface temporary, so that the intrusion of the coating solution 
into the membranes pores can be minimized. A glass coater with a cone-shaped interior 
and an inner diameter of 700-750 µm was specially designed to coat the PES hollow fiber 
substrate with a PEG containing solution. The PEG containing solution was prepared by 
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dissolving a pre-determined amount of ED-2003 in ethanol and pre-treating GOTMS 
with a hydrolysis solution concurrently and mixing them together to make up a total solid 
concentration of 15 wt%. The mole ratio of GOTMS to ED-2003 was fixed at 4 and the 
hydrolysis solution was formulated with ethanol, water and HCl with mole ratios of 1.13, 
3.2 and 0.05, respectively. The hydrolysis time of GOTMS was one hour. The mixture 
was stirred continuously for 8 hours at 70 
o
C before it was diluted to a desired 
concentration to use it as a coating solution. A detailed description of the material 
synthesis can be obtained in our group’s previous publication [3]. Dense films were also 
fabricated via solvent evaporation method in order to determine the intrinsic 
permselectivity of CO2/N2 gas pair. The ideal CO2/N2 selectivity of the coating solution 
was 50. A pre-determined amount of coating solution was delivered to the glass coater by 
a programmable syringe pump and the solution can be coated on the membrane surfaces 
homogeneously. The hollow fiber travelled at 3 m/min upwards through a tubular dryer 
where the pre-wetting agent and solvent were evaporated. The temperature of the dryer 
was set at 60 
o
C, which is slightly higher than the boiling point of Fluorinert
®
72. The 
dried fiber was collected on a take up unit. Base on the volumetric flow rate of the 
coating solution delivered to the glass coater, the theoretical thickness of the coated layer 
can be calculated as follows: 
                                                                     (3-1) 
where t is the theoretical thickness of the coated layer (cm), V is the volumetric flow rate 
of the coating solution delivered to the glass coater (cm
3
/min), C is the concentration of 
the coating solution, D is the outer diameter of the fiber (cm) and v is the travelling speed 
of the fiber during coating (cm/min).  
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3.1.3. Polymer-silica hybrid matrix 
 
The polyether-diamine used is a (polypropylene glycol)-block-(polyethylene glycol)-
block-(polypropylene glycol) diamine which is commercially known as Jeffamine ED-
2003 with a molecular weight of 1900 g/mole. 3-glycidyloxypropyl-trimethoxysilane 
(GOTMS), poly(ethylene glycol) dimethyl ether (PEGDME) with a molecular weight of 
500 g/mol and ethanol (Analytical grade) were purchased from Sigma-Aldrich Co. 
Hydrochloric acid (HCl) was purchased from Fisher Scientific. They were used as 
received.  
 
For preparing the polymer-silica hybrid matrix, Jeffamine ED-2003 was dissolved in 
ethanol to form a 3 wt% solution while GOTMS was treated with the hydrolysis solution 
for one hour. The mole ratio of GOTMS to ED-2003 was fixed at 4 and the hydrolysis 
solution was formulated with ethanol, water and HCl with mole ratios of 1.13, 3.2 and 
0.05, respectively. The solution of Jeffamine ED-2003 was filtered with a 1.0 µm PTFE 
membrane before mixing with the pre-hydrolyzed GOTMS solution and stirring 
vigorously at 60 
o
C for one hour. For the membrane blend, a predetermined amount of 
PEGDME was added to the above synthesized solution and stirred for two hours at room 
temperature. The solution was slowly cast onto a Teflon petri-dish and dried at 40 
o
C in 
an oven until the formation of a nascent membrane film; the membrane was then 
transferred to a vacuum oven and dried at 70 
o
C for 24 hours to remove the remaining 
solvent. The dried membranes were stored in a dry box before any characterization and 
gas permeation test.  
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3.1.4. Polymer ionic liquid blend 
 
The RTIL used is 1-Ethyl-3-methylimidazolium tetracyanoborate ([emim][B(CN)4]) and 
the host polymer used is poly(vinylidene fluoride) (PVDF), Kynar
®
 FLEX 2820. The 
high purity grade [emim][B(CN)4] was purchased from Merck Chemicals (Darmstadt, 
Germany) and the PVDF was purchased from Arkema Inc. The chemical structures of 
[emim][B(CN)4] and PVDF are depicted in Fig. 3.4. Acetone (analytical grade) was 
purchased from Sigma-Aldrich Co. The materials were used as received.  
 
 
Fig. 3. 4 Chemical structures of [emim][B(CN)4] and PVDF 
 
For preparing the blend membranes, PVDF was first added in acetone and stirred until it 
was fully dissolved. A predetermined amount of RTIL was then added to the above 
solution and stirred for two hours at room temperature. The ultimate concentration of the 
solution was maintained at 3 wt%. The prepared solution was undergone 15 minutes of 




C in an oven until the formation of a nascent membrane film; the membrane was then 
transferred to a vacuum oven and dried at 50 
o
C for 24 hours to remove the remaining 
acetone solvent completely. The dried membranes were stored in a dry box before any 
characterization and gas permeation test.  
 
3.2. Physicochemical characterization 
 
3.2.1. Fourier transform infrared spectrometer (FT-IR) 
 
The chemical bonds in the membrane samples were analyzed using a Bio-Rad FTIR FTS 
135 in the attenuated total reflectance (ATR) mode. The samples were scanned over the 
range of 700-4000cm
-1
 and the number of scans for each sample was 16.  A ZnSe prism 
was used in conjunction with an ATR kit for the analysis for both polymer films and 
liquid samples. 
 
3.2.2. Differential scanning calorimetry (DSC) 
 
The glass transition temperatures (Tg) and melting temperatures (Tm) of the membranes 
were determined using differential scanning calorimetry (DSC) using a DSC 822
e
 
(Mettler Toledo) with a heating or cooling rate of 10
o
C/min. The temperature of the cell 
ramped to -100 
o
C and held at that temperature for 10 minutes for stabilization. Heated to 
200 
o
C and held for another 5 minutes before cooled down to room temperature. To align 





C was measured. The samples were hold at 35
o
C for 5 minutes followed by a steady 
increase in temperature. The crystallinity was calculated from the onset enthalpy at the 
melting temperature. 
 
3.2.3. Density measurement 
 
The densities of dense membrane films were determined using a Mettler Toledo balance 









                                                        (3-2) 
where  is the density of the film, 0  is the density of the auxiliary liquid. The 
measurements were conducted at 25 
o
C, Wair and Wliq are the weights of the film in the air 
and auxiliary liquid, respectively.  
 
3.2.4. Wide angle x-ray diffraction (WAXD) 
 
The presence of the PEO crystals in the polymer matrix was confirmed by using a Wide-
angle x-ray diffraction, Bruker, D8 series, GADDS (general area detector diffraction 




3.2.5. Gel permeation chromatography (GPC) 
 
The molecular weights and molecular weight distributions of the block copolymers were 
determined using gel permeation chromatography (GPC). The Waters GPC system 
consisted of a Water 1515 isocratic HPLC pump, a Waters 717 plus auto sampler and a 
Waters 2414 refractive index detector. The system was calibrated with polystyrene 
standards and using HPLC grade DMF as the mobile phase. The concentration of the 
sample prepared was 1mg/ml, the flow rate of the mobile phase was set at 1ml/min and 
the injection volume of each sample was 100μL.  
 
3.2.6. Atomic force microscopy (AFM)  
 
The phase separation between the soft and hard segment in the copolyimide was 
determined by atomic force microscopy (AFM) via taping mode in air. The samples were 
completely dry before testing, the tip used is a triangle silicon nitride tip (Agilent 
technologies, USA, normal constant 0.08 N m-1, tip radius <10nm).  
 
3.2.7. Tensile measurement 
 
The mechanical properties (i.e. extension at break, tensile strength and Young’s modulus) 
of the flat sheet membranes were measured using an Instron 5542 tensile testing 
instrument at room temperature. The samples were prepared with 5 mm in width and the 
initial gauge length of 20 mm. Each sample was clamped at the both ends and the testing 
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speed was 10 mm/min. The mean value of at least three samples was reported for each 
membrane.  
 
3.2.8. Field emission scanning electron microscopy (FESEM) 
 
The cross-sectional and surface morphology of hollow fiber substrates and composite 
hollow fiber membranes was observed by field emission scanning electron microscopy 
(FESEM, JEOL JSM-6700). The samples were prepared by immersing and fracturing 
hollow fiber membranes in liquid nitrogen followed by platinum sputtering using a Jeol 
JFC-1100E ion sputtering device.  
 
3.2.9. Positron annihilation spectroscopy (PAS) 
 
The thickness of the dense selective layer on composite membranes and fractional 
volume property of the dense films were characterized by Doppler broadening energy 
spectra (DBES) using PAS coupled with a slow positron beam. The DBES spectra were 
recorded using an HP Ge detector at a counting rate of approximately 4500 cps and the 
total number of counts for each spectrum was 1.0 million. Fig. 3.5 shows the schematic 




Fig. 3. 5 Schematic diagram of Positron Annihilation Spectroscopy (PAS) 
 
In this study, the thickness of the dense selective layer on composite membrane and the 
free volume property of the dense films were characterized by the R parameter and S 
parameter, respectively.  The depth profile was measured as a function of positron 
implantation energy from 0.1 keV to 30 keV at room temperature. The incident position 
energy can be expressed in terms of depth by using the following equation: 
1.640( ) ( )Z E E

                                  (3-3) 
where Z is the depth in nm, ρ is the density of the coating material in g/cm3 and E+ is the 
incident positron energy in keV [4]. The R parameter is defined as the ratio of the total 
counts from the valley region with an energy width between 364.2 and 496.2 keV (from 
3γ annihilation) to those from the 511 keV peak regions with a width between 504.35 and 
517.65 (from 2γ annihilation). The R parameter measures the relative amount of 3γ 
annihilation which could be contributed from o-Ps in vacuum or in large pores. It 
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provides information about the existence of large pores (nm to µm). The positron energy 
corresponding to the minimum value of R indicates the thickness of the coated layer on 
the surface of substrate. S parameter is defined as the ratio of integrated counts between 
510.3 and 511.7 keV, which represents the low momentum part of positron-electron 
annihilation radiation, to the total counts after the background is deducted. A larger free 
volume leads to a larger S parameter value. More detailed information about PAS can be 
found in other publications [5,6]. 
 




The chemical structures of the polymer silica hybrid matrix membranes were 
characterized using solid-state 
29
Si NMR. The 
29
Si (79.5MHz) NMR with magic angle 
spinning at 7.5kHz was performed with a Bruker DRX 400 spectrometer. The samples 
were prepared by grinding the membranes into fine powders prior to analysis.  
 
3.2.11. Scanning transmission electron microscopy (STEM) 
 
The dispersion and morphology of the silica inorganic phase in the polymer matrix was 
observed by on a FEI Titan 80-300 electron microscope. The accelerating voltage of the 
electron beam was 200 KeV. The samples were prepared by diluting the synthesized 
solution to 0.01 wt% before transferring it onto copper grids. The solvent on the grids 




3.2.12. Polarized light microscope (PLM) 
 
The miscibility of the two materials in polymer blends was observed by a polarized light 
microscope (PLM) (Olympus BX50) and a camera. The images were further analyzed by 
imaging software (Image-Pro Plus 3.0).  
 
3.3. Determination of gas transport properties 
 
3.3.1. Pure gas sorption test 
 
The gas equilibrium isotherms of CO2 were measured at 35
o
C using a Cahn D200 
microbalance sorption cell which includes a sample pan and a reference pan. Fig. 3.6 
shows the schematic diagram of a microbalance. Prior to test, the microbalance was 
calibrated using the testing gas at various pressures, the weight gained was plotted as a 
function of pressure. The system was evacuated for at least 24 hours before loading the 
sample (50-100mg) into the sample pan. The testing gas was fed into the system at a 
desired pressure and the gas was absorbed by the polymer matrix until it reached 
equilibrium. The weight gain was recorded and the same steps were repeated to test the 
next pressure, the system was not evacuated until the end of the test for a specific gas. 
The sample pan was tared to zero under vacuum at each time when starting a new sample 
or a new gas species. The amount of gas dissolved in membranes was calculated from the 
weight gain on the membrane samples with considering the buoyancy force as shown in 
equation (3-4).  
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Gas dissolved = pW   spW  + Buoyancy                                                     (3-4) 
where spW  and pW  are the weights of the membrane from the microbalance before and 
after the gas been dissolved into the samples. The buoyancy can be calculated once the 
polymer volume and gas density at each pressure is known. The gas dissolved was then 
converted to the amount of gas sorbed (C) at standard temperature and pressure (STP) per 
volume of polymer using the information of the gas molecular weight (MW) and polymer 
sample volume (Vp) as given in equation (3-5).  
                                                                    (3-5) 
 




 polymer, the weight of gas dissolved is in mg, WM  is given 
in g/mol and pV  is given in cm
3
. The solubility of the membrane for a specific gas can be 
calculated using equations 3-6 [7,8].  
S = C/P                                                                                                        (3-6) 






 and P 
is the testing pressure (atm). The gases used for gas sorption and permeation experiments 
were obtained from Singapore Oxygen Air Liquide Pte Ltd (SOXAL). The purity of all 




Fig. 3. 6 Schematic diagram of microbalance sorption cell 
 
3.3.2. Pure gas permeation test 
 
The pure gas permeability was determined by a constant volume and variable pressure 





Fig. 3. 7 Schematic diagram of a pure gas permeation cell for flat membranes 
 
The experimental temperature could be controlled since the permeation cell was 
thermostatic. The permeation cell was calibrated and the volumes of the downstream 
compartments were calculated using standard polycarbonate membrane and its published 
permeability data. Calibration was also performed from time to time to ensure the 
accuracy of the data obtained. The thickness of the membrane was measured using a 
digital film measurement tool and the error is ± 1 micrometer. The area of the membrane 
tested was about 1 to 2 cm in diameter. The upstream pressure applied to the membrane 
was varied from 2atm to 10atm. After the membrane was mounted onto the cell, the 
permeation apparatus was evacuated for 24 hours until the system pressure dropped 
below 0.02 mmHg. This step was to remove any residue gas trapped in the membrane so 
that the permeation of the testing gas would not be affected when it is introduced into the 
cell. The upstream pressure was maintained constant as the gas permeated through the 
membrane and give rise to be downstream pressure that was then measured using a 
77 
 
Baratron® (MKS instruments, Inc., USA) pressure transducer. This was recorded by a 
computer, which was attached to a data shuttle (Workbench PC for Windows-v5.01.04). 
The gas permeability P was determined from the rate of pressure increase (dp/dt) 













                                                     (3-7) 
where P is the permeability of a membrane in Barrer (1 




 s cmHg), V is the volume of the downstream chamber 
(cm
3
), l refers to the thickness of the membrane (cm), A is the effective area of the 
membrane (cm
2
), T is the operating temperature (K), and the pressure of the feed gas in 
the upstream is given by p2 (psia). The ideal permselectivity of a membrane for each gas 
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                                                                   (3-8) 
where S and D are the solubility coefficient and diffusion coefficient of the gas, 
respectively; SA/SB and DA/DB are the solubility selectivity and diffusivity selectivity of 
the gas pair, respectively. 
 
The gas separation performance of the hollow fiber membranes is determined using the 




1. Gas cylinder 2. Pressure regulator 3. Pressure gauge 4. Membrane module  
5. Purge gas 6. Permeate gas 
Fig. 3. 8 Schematic diagram of pure gas permeance test apparatus for hollow fibers 
 
The membrane modules were prepared by assembling 8 to 20 fibers with a length of 
around 15 cm into one module. One end of the module is sealed with 5min rapid epoxy 
resin (Araldite®, Switzerland), while the shell side of the other end was glued onto the 
metal module with regular epoxy resin (Eposet®). It took around 24 hours for the regular 
epoxy to be fully cured. A feed pressure was applied to the shell side while the permeate 
side (lumen side) was connected with the atmosphere. The feed chamber would be 
purged using the testing gas at 50 psi for about 10 times to replace the air with testing gas. 
A preconditioning period of 20 minutes for O2 and N2 or 2.0 h for CO2 was carried out 
before conducting permeance measurements. The gas flow rate from the permeate side 
was recorded using a digital bubble flow meter. The pure gas permeance and 
permselectivity were calculated according to the following equations: 
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                                                                            (3-9)                      
                                                                                    (3-10)                                                                            
where P/l is the gas permeance in GPU (1GPU= 6 3 21 10 ( ) /( )cm STP cm s cmHg   ), Q is 
the gas flow rate measured by a bubble meter (cm
3
/min), n is the number of fibers in each 
module, D is the outer diameter of fibers (cm), l is the effective length of modules (cm) 
and Δp is the pressure difference across the membrane (cmHg). The permselectivity is the 
ratio of (P/l)A and (P/l)B which are the permeance of gases A and B, respectively.  
 
3.3.3. Mixed gas permeation test 
 
Mixed gas permeation tests were conducted using binary CO2/H2 and CO2/N2 gases for 
selected samples with promising gas permeability and ideal gas pair permselectivity. The 
mixed gas permeation cell is shown in Fig. 3.9 [11]. The cell is built by following the 
same concept from the pure gas permeation cell with a slight modification. In the mixed 
gas testing facility, the membrane is tested in cross-flow configuration. An additional 
valve (C5) at the upstream segment is included to adjust the stage cut by changing the 
retentate flow rate. At the downstream portion, the valve C6 is added for introducing the 
accumulated permeate gas to an Agilent 7890 gas chromatographer (GC) for the analysis 





Fig. 3. 9 Schematic diagram of a mixed gas permeation cell for flat membranes 
 
The GC consists of a valve switching system that is connected to the 2-column assembly, 
injection port and vacuum pump. A thermal conductivity detector (TCD) is used. In the 
2-column assembly, the first is a HP-PLOTQ column while the second is a molecular 
sieve 5A column, both purchased from Agilent Technologies, Singapore. As the gas 
permeation testing is conducted at sub-atmospheric pressures, the leakage of air into the 
system is somewhat inevitable. For separating the CO2 /H2 and CO2 /N2 gas pair, the 
PLOTQ column cannot separate air from H2 and hence the need of the molecular sieve 
column to achieve this. Helium was used as the carrier gas for all the GC testing. Due to 
the relative difference in the thermal conductivity between helium and the tested gases, 
the characteristics peaks in the chromatogram for all the gases other than H2, are positive. 
81 
 
The compositions of binary gas mixture were (1) 50% CO2 and 50% H2 and (2)  50% 
CO2 and 50%  N2. The samples were tested at different temperatures under different feed 
pressures. The permeate gas was injected into a GC for analyzing when the pressure of 
the downstream was built up more than 50 Torr. The permeability was calculated with 
the consideration of non-ideal gas behavior, described by Wang et al [12]. The 






















































                       (3-12) 
where 2COP  and 2HP  are the permeability of CO2 and H2, respectively, 2p  is the upstream 
feed gas pressure (psia), 1p  is the downstream permeate gas pressure (psia), 2COx  is the 
gas CO2
 
molar fraction in the feed gas and 2COy  is the gas CO2 molar fraction in the 
permeate, V is the volume of the downstream chamber (cm3), l is the film thickness (cm). 
The selectivity of mixed gas is defined by the ratio of mole fraction ratios of the two 











                                                                         (3-13) 
 
In mixed gas permeation of the hollow fibers, it is necessary to measure the composition 
of the streams in addition to the flux. Fig. 3.10 depicts the schematic diagram of the 




BFM: Bubble flow meter; FGC: Feed gas cylinder; GC: Gas chromatograph; HFM: Hollow fiber modules; NV: 
Needle valve; PG: Pressure gauge; SSR: Single stage regulator. 
Fig. 3. 10 Schematic diagram of a mixed gas permeation cell for flat membranes 
 
The compositions of the permeate and retentate were analyzed by a gas chromatograph 
(Hewlett Packard (HP) 6890 Series GC) using a Carboxen 1010 column and a thermal 
conductivity detector (TCD), while their flow rates were measured by a digital bubble 
flow meter. The testing procedure is a standard one in our lab. First, the feed pressure 
was set at 50 psi, and the fibers are conditioned for 1.5 hours; for the following pressures, 
the conditioning time is at least 30 minutes. In each pressure, the flow rate of both 
permeate and retentate were first determined and adjusted by the bubble flow meter, thus 
achieving a stage cut around 5%. Thereafter, the permeate or the retentate will be 
connected to the GC for sampling of 15 minutes with the gas mixture being carried to the 
GC system by the inert gas Helium. Subsequently, the composition of the mixture was 
determined by calculating the peak area for each gas that was eluted out from the column 
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at different retention time. Finally, the composition of the gas from gas cylinder will also 




[1] Wang KY, Matsuura T, Chung TS. The effects of flow angle and shear rate within the 
spinneret on the separation performance of polyethersulfone (PES) ultrafiltration hollow 
fiber membranes. J Membr Sci 2004; 240: 67-79. 
[2] Low BT, Widjojo N, Chung TS. Polyimide/polyethersulfone dual-layer hollow fiber 
membranes for hydrogen enrichment. Ind Eng Chem Res 2010; 49: 8778-8786. 
[3] Shao L, Chung TS. In situ fabrication of cross-linked PEO/Silica reverse-selective 
membranes for hydrogen purification. Int J Hydrogen Energy 2009; 34: 6492-6504. 
[4] Zhang S, Wang K, Chung TS, Chen H, Jean YC, Amy G. Well-constructed cellulose 
acetate membranes for forward osmosis: Minimized internal concentration polarization 
with an ultra-thin selective layer. J Membr Sci 2010; 360: 522-535. 
[5] Chen H, Hung WS, Lo CH, Huang SH, Cheng ML, Liu G, Lee KR, Lai JY, Sun YM, 
Hu CC, Suzuki R, Ohdaira T, Oshima N, Jean YC. Free-volume depth profile of 
polymeric membranes studied by positron annihilation spectroscopy: layer structure from 
interfacial polymerization. Macromolecules 2007; 40: 7542-7557. 
[6] Jean YC, Hung WS, Lo CH, Chen H, Liu G, Chakka L, Cheng ML, Nanda D, Tung 
KL, Huang SH, Lee KR, Lai JY, Sun YM, Hu CC, Yu CC. Applications of positron 
annihilation spectroscopy to polymeric membranes. Desalination 2008; 234: 89-98. 
84 
 
[7] Freeman BD, Pinnau I. In Polymer Membranes for Gas and Vapor separation, Vol. 
733. Washington, DC: ACS Symposium Series, 1999. 1-27. 
[8] Xiao Y, Shao L, Chung TS, Schiraldi DA. Effects of thermal treatments and 
dendrimers chemical structures on the properties of highly surface cross-linked polyimide 
films. Ind Eng Chem Res 2005; 44: 3059-3067. 
[9] Lin WH, Vora RH, Chung TS. Gas transport properties of 6FDA-Durene/1,4-
phenylenediamine(pPDA) copolyimides. J Polym Sci Polym Phys 2000; 38: 2703-2713. 
[10] Cao C, Wang R, Chung TS, Liu Y. Formation of high-performance 6FDA-2,6,-DAT 
asymmetric composite hollow fiber membranes for CO2/CH4 separation. J Membr Sci 
2002; 209: 309-319.  
[11] Shao L, Chung TS, Goh SH, Pramoda KP. Polyimide modification by a linear 
aliphatic diamine to enhance transport performance and plasticization resistance. J 
Membr Sci 2005; 256: 46-56. 
[12] Wang R, Liu SL, Lin TT, Chung TS. Characterization of hollow fiber membranes in 








SYNTHESIS AND CHARACTERIZATION OF POLY(ETHYLENE 















This chapter is published as a journal paper 
Hang  Zheng Chen, You Chang Xiao, Tai-Shung Chung. Synthesis and characterization 
of Poly (ethylene oxide) containing copolyimides for hydrogen purification. Polymer 






Global warming resulting from the emission of greenhouse gases is a worldwide 
environmental concern. Hence one of the major challenges faced by researchers around 
the world is to develop advanced technologies to reduce the emission of greenhouse 
gases. Since much of the world’s energy consumption is based on crude oil, it releases a 
large amount of greenhouse gases, while the demand for crude oil is continuously 
increasing, the search for an affordable and clean alternative energy is of paramount 
interest to the global community [1,2]. Hydrogen is a potential solution because it is a 
clean energy and an important feedstock in the petrochemical industry.  
 
Hydrogen does not exist alone in nature, but it can be produced from a wide variety of 
energy sources like natural gas, coal and biomass. The steam reforming of natural gas is 
the current dominant industrial process for hydrogen production [3]; about 80% of the 
world’s hydrogen supply is synthesized from this process. However, the steam reforming 
process produces many by-products like CO2, CH4, H2O and CO, which have to be 
removed from the production stream before the efficient utilization of the produced 
hydrogen [4].
 
Pressure swing adsorption (PSA) and cryogenic distillation are the most 
conventional methods used for the purification of hydrogen [5,6]. Although these two 
techniques can produce high purity hydrogen, they have drawbacks of consuming a large 
amount of energy and occupying a big footprint. Membrane is an emerging technology 
that displays attractive advantages over such conventional methods such as (1) high 
energy efficiency, (2) cost effectiveness with smaller footprint, (3) simplicity in operation, 
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(4) compactness and portability, and (5) environmental friendliness [7,8]. Various 
materials such as zeolites, metals and polymers have been reported as membrane 
materials for hydrogen purification applications. However, polymers have advantages 
over others because of easy process and reasonably low costs. 
 
It is well known that the gas transport through polymeric membranes is dictated by the 
solution diffusion mechanism and the permeability of the membrane is a product of 
diffusivity and solubility. Resulting from the counter balance between high hydrogen 
diffusivity coupled with high CO2 solubility, it is challenging to separate hydrogen from 
CO2. Since the solubility selectivity in traditional glassy polymers varies slightly with 
most gas species, the selectivity of glassy polymeric membrane for gas separation is 
almost dominated by diffusivity selectivity. Since H2 possesses a smaller kinetic diameter 
as compared to CO2 and hence diffuses more easily, glassy polymeric membranes tend to 
be classified as H2 selective membranes [9-11].
 
However, there is a trade-off between H2 
permeability and H2/CO2 selectivity for glassy polymeric membranes [12]. Chung’s 
group has reported a polyimide crosslinking methodology using various types of 
diamines to surpass the aforementioned trade-off by increasing diffusivity selectivity [13-
16]. Hydrogen selective membranes have good chemical and thermal stability and 
excellent mechanical property, but the choice of this type of membranes is largely 
dependent on the operating conditions and industrial applications. 
 
Perhaps, Kawakami et al. were the pioneers discovering that PEG and other polymer 
blends had good separation performance for CO2/light gas mixtures [17]. Since the 
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PCO2/PN2 ratio increased with an increase in PEG content, while PO2/PN2 remained the 
same, they reported there was an enhanced interaction between ethylene glycol (EG) and 
CO2 in the PEG blend membrane. However, it was found that the membrane mechanical 
strength was reduced and became too weak for gas separation when the PEG content 
reached more than 60wt%. Okamoto et al. synthesized the first PEO-PI membranes for 
CO2/N2 separation [18-20] and reported a CO2 gas permeability of 140 Barrer and a 
CO2/N2 selectivity of 70. The high CO2/N2 selectivity was attributed to high solubility 
selectivity due to strong interactions between CO2 and the PEO phase, as ethylene oxide 
was identified as the best chemical group interacting favorably with CO2. Since then the 
interaction between CO2 and EO has been discussed and used for the development of 
CO2 selective membranes in many publications [21-26]. Zhao et al. demonstrated that 
PEG bis(amine) can be used as a cross-linking agent to modify a Matrimid membrane 
and switch the membrane selectivity from being H2 selective to CO2 selective after the 
chemical modification [27]. Other researchers like Lin et al. invented a highly branched, 
cross-linked PEO membrane for CO2/H2 separation [28]. Again, the high CO2/H2 
selectivity was due to favorable interactions between the EO unit and CO2 gas. As a 
result, the penetrant with a higher condensability (CO2) will end up as the main product 
in the permeate side and make the membrane to be CO2 selective. However, the 
characteristics of weak mechanical properties and easy crystallization are the main 
drawbacks of PEO-based membranes. Recently, Shao and Chung fabricated a cross-
linked PEO/silica reverse selective membrane for hydrogen purification [29]. This cross-
linked organic-inorganic hybrid membrane had improved mechanical strengths and 
reduced crystallization in comparison with a pure PEO membrane. No crystallization was 
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reported at a 75% silica loading in their membranes, which is especially desirable in gas 
separation as crystals reduce the overall gas permeability.  Since the Robeson upper 
bound of CO2 selective membranes display a positive slope when plotting selectivity 
versus permeability, it implies that such membranes can achieve high CO2 permeability 
whilst yielding impressive CO2/H2 selectivity [28]. 
 
Although pure PEO polymers have demonstrated very good CO2 removal capability, they 
are not robust enough for real industrial applications due to their weak mechanical 
properties, easy crystallization, and low thermal stability. However, their potential energy 
saving and high CO2 removal efficiency have inspired us to investigate PEO-PI 
membranes for the H2 purification process. The combination of PEO and PI via proper 
molecular engineering may take advantages of both glassy and rubbery polymers for CO2 
and H2 separation and the resultant membranes may have balanced thermal and chemical 
stability because of directly chemical bonding between the PEO units and the hard 
polyimide segments. In this study, reverse selective membranes comprising poly(ethylene 
oxide) (PEO) containing copolyimides (PEO-PI) with variations of acid dianhydrides and 
diamines have been synthesized for hydrogen purification. The reverse selectivity of the 
membranes decimates the energy required for hydrogen recompression process. Factors 
including PEO content, PEO molecular weight, and fractional free volume (FFV) that 
would affect the gas transport performance have been investigated and elucidated in 
terms of degree of crystallinity, phase separation in the PEO domain as well as inter-
penetration between the hard and soft segments. In mixed gas tests of CO2 and H2 
mixtures, a highly condensable CO2 out compete H2 for the sorption sites in hard segment 
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and diminishes H2 permeability. Thus the CO2/H2 selectivity in the mixed gas tests is 
much higher than that in pure gas tests. Mixed gas permeation tests at 35
o
C and 2atm 
show that the best reverse selective membranes have a CO2 permeability of 179.3 Barrer 
and a CO2/H2 permselectivity of 22.7.  
 
4.2. Results and discussion 
 
4.2.1. Physicochemical characterizations 
 
The molecular weight and molecular weight distribution of the copolymers are 
determined using GPC. In this study, due to the insolubility of PMDA and BTDA based 
copolyimides after thermal treatment, the precipitate of their poly (amic acid) was tested. 
The solution of poly (amic acid) was precipitated in isopropyl alcohol (IPA) and dried in 
the oven at 70 
o
C under vacuum for 8 hours to remove all monomers and solvent residues 
in the solid. The dried poly (amic acid) was then dissolved in DMF with a concentration 
of 1mg/ml for GPC testing. The results of number-average molar mass Mn, weight-
average molar mass Mw and polydispersity Mw/Mn from GPC test are shown in Table 
4.1. As can be seen, the synthesized copolymers have their molecular weights greater 
than 20000 dalton. In this chapter, the number in the parenthesis is referred to the weight 





Table 4. 1 Molecular weights and molecular weight distributions of copolymers 
Polymer Name Mn Mw Mw/Mn 
PMDA-ODA-PEO1(20%) 27696 43323 1.56 
PMDA-ODA-PEO1(40%) 32125 46656 1.45 
PMDA-ODA-PEO1(60%) 19857 25930 1.31 
PMDA-ODA-PEO2(60%) 68543 85696 1.25 
PMDA-ODA-PEO3(60%) 48289 78374 1.62 
BTDA-ODA-PEO1(60%) 85769 115877 1.35 
6FDA-ODA-PEO1(60%) 46526 65235 1.40 
 
The copolymers synthesized in this study were monitored using ATR-FTIR and their 
spectra are shown in Fig. 4.1. All the copolymer films exhibit a characteristic peak at 
1717cm
-1
 which is attributed to the asymmetric stretch of C=O in imide groups. The 
common peaks appearing at the wave number of 2880 cm
-1
 are from the PEO groups. The 
intensity of this peak increases with increasing PEO weight percentage in the PMDA-
ODA-PEO1 copolymers. The FTIR spectra show that all the synthesized polymers are 





 The number in the parenthesis is referred to the weight percentage of PEO to the total weight of the 
copolymer
 
Fig. 4. 1 FT-IR spectra of PEO containing copolyimides 
 
Fig. 4.2 shows DSC curves of the PEO containing copolyimides. The glass transition 
temperature of PEO is clearly shown in the range of -70 
o
C to -30 
o
C for PEO1 based 
copolymers. However, Tg of PEO is not very obvious for copolymers synthesized from 
higher molecular weights of PEO2 and PEO3. This may be owing to the relatively low 
molar ratio of aliphatic diamine when a high molecular weight of PEO is used. The peak 
in the range of 20 
o
C to 50 
o
C is attributed to the melting of PEO crystals. However, no 
endothermic peak can be found for the copolymers if the PEO content is below 60%. This 
implies a complete suppression of PEO crystallization by the existence of polyimide hard 
segments. The hard segment is the continuous phase when PEO content is low; the 
crystallization prone soft PEO phase is dispersed around the continuous phase. The 
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existence of polyimide lowers the chain packing efficiency of the soft PEO phase; hence, 
eliminate the crystallization in PEO-PI with low PEO content. When the PEO content 
exceeds 60%, the soft segments form a continuous phase which promotes crystallization 
in the membrane. This observation is consistent with the work by Maya et al., whereby 
copolyimides with PEO content from 30 to 56% were amorphous but exhibited 
crystallinity at PEO content greater than 60% [30].  
 
Fig. 4. 2 DSC curves of PEO containing copolyimides 
 
In this study, Tg of the hard segment is not detectable from the DSC analysis, this could 
be attributed to the randomization of the polymer chain formation. The hard blocks could 
not form a long chain due to the randomization even though the aromatic diamine has a 
much higher molar ratio than the aliphatic one. Table 4.2 shows that the degree of 
crystallinity varies with PEO molecular weight, indicating a general trend that the degree 
of crystallinity experiences a positive correlation with PEO molecular weight. As a result, 
the PMDA-ODA-PEO3(60) copolymer has the highest crystallinity of 37.2%. This may 




Table 4.2 summarizes the crystallinity level of membranes made from different moieties 
and percentages of PEO. The percentage of crystallinity is calculated based on the heat of 
fusion during melting of the PEO phase using equation 4-1: 
  %100/(%) 0  fpf HHityCrystallin                                (4-1) 




heat of fusion per gram of the perfect PEO crystal with a value of 188.9 J/g [31] and p is 
the weight percentage of PEO in the copolymer.  
 
Table 4. 2 Density, crystallinity and mechanical properties results of copolymers 
Polymer Name 

















 1.40 145 1.63 
PMDA-ODA-PEO1(40) 1.313 ND/ND 0.60 420 0.67 
PMDA-ODA-PEO1(60) 1.244 23.3/ND 0.07 535 0.10 
PMDA-ODA-PEO2(60) 1.245 34.7/4.8 0.22 536 0.27 
PMDA-ODA-PEO3(60) 1.231 37.2/10.5 0.24 482 0.30 
BTDA-ODA-PEO1(60) 1.250 26.5/ND 0.03 248 0.06 
6FDA-ODA-PEO1(60) 1.263 ND/ND 0.02 ND ND 
 
 
As our gas permeation test was done at 35 
o
C, the remaining crystallinity at this 
temperature has also been determined. At this temperature, the crystallinity is reduced 
drastically. There is no existence of crystals in the membranes synthesized from a low 
a




 -ND means not detected. 
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PEO molecular weight due to the melting temperature of this PEO is lower than 35 
o
C. 
However, copolymers with PEO2 and PEO3 still contain a small amount of crystallinity. 
Wide angle X-ray diffraction tests were specifically carried out at 35 
o
C to confirm the 
presence of PEO crystallinity at this temperature. The spectra are showing in Fig. 4.3. 
 
 
Fig. 4. 3 WAXS spectra of PEO containing copolyimides 
 
The PMDA-ODA-PEO1(60) membrane has no PEO crystallinity at 35
o
C as the low 
molecular weight PEO melts at around 25 
o
C. The spectrum of this membrane displays 
similar characteristic peaks to a pure PMDA-ODA film because the PMDA-ODA 
polyimide itself is a semi-crystalline material. The membrane synthesized from a high 
molecular weight of PEO3 shows two very sharp peaks at 2θ equals to 19.2o and 23.2o, 
which correspond to typical PEO crystalline peaks. [30] This is consistent with the 
observation in the DSC test, where PEO crystallinity in PMDA-ODA-PEO3(60) still 
exists at 35 
o
C. However, no PEO crystal peaks are found in PMDA-ODA-PEO2(60). 
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This could be attributed to the amount of PEO crystals in this membrane is too little to be 
detected at this temperature. 
  
The mechanical property test results shown in Table 4.2 reveal that the Young’s modulus 
is significantly affected by the PEO content in the membranes. Their values decrease as 
the PEO content increases; however, the Young’s modulus decreases drastically when the 
PEO content is more than 40%. Thus, it may be concluded that the soft segment may 
form a continuous phase at the PEO content greater than 40%. On the other hand, these 
values apparently remain almost invariant with different dianhydride and diamine 
moieties. This implies that the membrane mechanical strength is mainly determined by 
the PEO weight percentage in the membrane. Since pure PEO membranes have a 
Young’s modulus of about 0.12GPa, the PEO containing copolyimides possess better 
mechanical strengths if the PEO content is less than 40 wt%. 
 
4.2.2. Gas permeation and separation properties 
 
4.2.2.1. Effect of PEO content 
 
Sorption and pure gas permeation tests were conducted to study the gas transport 
properties of PEO containing copolyimides and Table 4.3 summarizes the results. The 
membranes listed in this table can be categorized into three groups for in-depth 














H2 CO2 CO2/H2 
PMDA-ODA-PEO1(20) 2.7 3.1 2.83 1.10 1.1 
PMDA-ODA-PEO1(40) 5.4 27.4 1.69 16.21 5.1 
PMDA-ODA-PEO1(60) 16.2 131.0 1.58 82.91 8.1 
PMDA-ODA-PEO2(60) 14.2 136.3 1.72 79.24 9.6 
PMDA-ODA-PEO3(60) 13.7 117.1 1.76 66.53 8.5 
BTDA-ODA-PEO1(60) 10.2 80.5 1.36 59.19 7.9 
6FDA-ODA-PEO1(60) 9.9 49.4  2.09  23.62 5.0 
PMDA-ODA-PEO1(65) 18.4 157.0 1.57 100.00 8.5 
a












In the copolymer of PMDA-ODA-PEO1 with different PEO weight percentages, the 
permeability increases with increasing PEO content. The increase in permeability can be 
attributed to the increase in diffusivity coefficient as PEO in the soft segment has higher 
polymer chain flexibility and mobility than the polyimide segment. This trend is even 
more pronounced when the PEO content is more than 40%, as the diffusivity coefficient 
increases drastically, thus increasing the CO2 permeability.  
 
Fig. 4.4 illustrates the effects of low molecular weight PEO content on the permeability, 




Fig. 4. 4 Effect of PEO content on permeability, solubility and diffusivity coefficients 
for PMDA-ODA-PEO1 
 
As can be seen, the solubility coefficient decreases with increasing PEO content. This 
could be attributed to the decline of the solubility contributed from the hard segment. The 

















) [18] as shown in Fig. 4.4. The portion of hard 
segment exists in copolymer decreases with increasing PEO content, hence the solubility 
coefficient decreases. At PEO content of 20%, the solubility in the hard segment is 
dominant. As PEO content increases, the sorption sites in the hard segment decrease and 





Fig. 4. 5 CO2 sorption isotherms of PEO containing copolyimides 
 
Comparing the solubility coefficient of the pure PEO and a series of PMDA-ODA-PEO1 
copolymers shown in Fig. 4.4, the solubility coefficients of the copolymers are well 
above the pure PEO line and it is very close to the solubility of pure PEO when PEO 
content is high. This phenomenon implies that the soft PEO phase is the main contributor 
to the solubility coefficient when the copolymer has high content of PEO. However, the 
hard segment still contributes to the total sorption even at high PEO content as the 
solubility of the copolymer is higher than that of pure PEO. The sorption sites in the hard 





4.2.2.2. Effect of PEO molecular weight  
 
Fig. 4.6 shows the permeability, diffusivity and solubility coefficients as a function of 
PEO molecular weight and Table 4.3 summarizes their corresponding CO2/H2 
permselectivity.  
 
a. P in Barrer, b. S and D in 10-2cm3(STP)/(cm3 cmHg) and 10-8 cm2/s, respectively. 
Fig. 4. 6 Effect of PEO molecular weight on CO2 permeability, diffusivity and 
solubility coefficients 
 
At the same weight percentage of PEO in membranes, the CO2 permeability and 
permselectivity increase but then decrease with an increase in PEO molecular weight. 
This phenomenon is a combinative result of many complicated factors. One of them is 
due to PEO induced crystallinity, while the other is owing to interactions between the soft 
and hard segments.  In membranes PMDA-ODA-PEO1(60), PMDA-ODA-PEO2(60) and 
PMDA-ODA-PEO3(60), the degree of crystallinity increases with increasing PEO 
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molecular weight. The crystals would act as a non-sorbing, impermeable obstacle and 
reduce the permeability severely. This is also reflected in the monotonous decrease in 
diffusivity coefficient with increasing PEO molecular weight as crystals would rigidify 
polymer chains and reduce the diffusivity coefficient of the resultant membrane. 
 
The CO2 solubility coefficient increases with increasing molecular weight of PEO used in 
copolymer. This could be attributed to the more complete phase separation as PEO 
molecular weight increases. Representative Atomic Force Microscopy (AFM) phase 
images, which displayed phase separation between the hard and soft segment, are shown 
in Fig. 4.7.  
 
Fig. 4. 7 AFM phase images of membrane surfaces: (a). PMDA-ODA-PEO1(60), (b). 
PMDA-ODA-PEO2(60) and (c). PMDA-ODA-PEO3(60) 
 
As can be seen from Fig. 4.7, the nano-sized hard phase is embedded into the PEO soft 
segment. The phase separation is rather not obvious in PMDA-ODA-PEO1(60). As PEO 
molecular weight increases, the hard phase forms fiber like nano-structured domain 
(Fig.4.7b), where the two phases has much more clearer borders between them. The 
phase separation is even more pronounced in PMDA-ODA-PEO3(60), the separation 
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between the two phases can be seen clearly and both phases form a bigger domain. The 
complete phase separation increases the interaction between the EO units and CO2 hence 
the solubility coefficient is increased. Similar interactions between the soft and hard 
segments and their effects on micro-phase separation and permeability have been studied 
by Yoshino et al. [19]. They reported that the contamination (i.e., interpenetration) of 
hard segments in the soft domain and soft segments in the hard domain were negligibly 
small if copolymers contain high molecular weight PEO. The less phase inter-penetration 
indicates more perfect phase separation between soft and hard domains in the copolymer. 
As a result, copolymers containing high molecular weight PEO may facilitate the 
preferentially transport of penetrants through the soft segments. Since the soft segments 
have much higher permeability than the hard segments, the overall membrane 
permeability is enhanced. Another report was also published by Okamoto et al. who 
observed a higher CO2 permeability for PEO containing copolyimides synthesized from a 
higher molecular weight PEO up to 9000 g/mol [18], this implies that the CO2 
permeability increases with increasing PEO molecular weight because of less inter-
penetration or interaction between the soft and hard domains. Because the PEO induced 
crystallization and micro-phase separation strongly depend on PEO molecular weight and 
they have opposite effects on permeability, there exists an optimum PEO molecular 
weight in these PEO containing copolyimides in order to obtain the highest permeability 
and permselectivity. In this study, PMDA-ODA-PEO2(60) with a molecular weight of 
10000g/mole possesses the highest CO2 permeability and CO2/H2 selectivity which is 




4.2.2.3. PEO percentage vs. PEO molecular weight 
 
When comparing the gas separation performance of the two series of PMDA-ODA-PEO 
copolymers as shown in Table 4.3; namely, one series with different PEO content and 
other series with different PEO molecular weights, one can conclude that the PEO 
content in the copolymer has stronger influence on CO2 permeability and CO2/H2 
selectivity than the PEO molecular weight. This phenomenon can be exemplified by the 
PMDA-ODA-PEO1 copolymer where its CO2 permeability increases from 27.4 Barrer to 
131.0 Barrer when PEO content increases from 40% to 60%, while CO2 permeability 
only increases from 131.0 Barrer to 136.3 Barrer when PEO molecular weight increases 
from 2000 g/mol to 10000 g/mol for the copolymer containing 60% PEO. However, there 
is an upper limit of PEO content, as the membrane cannot be formed when the PEO 
content is too high. In addition, CO2 permeability becomes very low for pure PEO 
membranes [33] due to high crystallinity. Furthermore, comparing separation 
performance of membranes synthesized from the same PEO percentage but from 
different PEO molecular weights, PEO-PI made from a high PEO molecular weight has a 
better CO2/H2 selectivity than that made from a low PEO molecular weight. Hence, the 
optimal combination of PEO content and molecular weight is the key to fabricate high 






4.2.2.4. Effect of fractional free volume 
 
The gas separation performance of PEO-PI membranes is severely affected by the 
dianhydride moiety.  Comparing among PMDA-ODA-PEO1(60), BTDA-ODA-PEO1(60) 
and 6FDA-ODA-PEO1(60), it is a surprise to notice that PMDA-ODA-PEO1(60) has the 
highest CO2 permeability and CO2/H2 selectivity. The high CO2 permeability is most 
likely attributed to the high diffusion coefficient with the aid of unique combination of 
chain linearity and minimal inter-penetration between the soft and rigid segments. Table 
4.4 shows a fractional free volume (FFV) of pure polyimide. The FFV was calculated 
using the following equation [34]:
 
FFV = (V-V0)/V                                                                                    (4-2) 
where the specific volume, V, is calculated from the measured density; the occupied 
volume, V0, is calculated from the correlation, V0 =1.3VW, where the VW is the van der 
Waals volume [35]. As for the copolymers, VW is predicted by the equation: VW = y1 VW1 
+ y2 VW2, where y1 and y2 are the molar fractions and VW1 and VW2 are the van der Waals 
volumes of homo-polymers 1 and 2, respectively.  
 
Table 4. 4 FFV of pure polyimides 
Polyimide PMDA-ODA BTDA-ODA 6FDA-ODA 




Since the gas diffusion rate in the soft segment is much higher than that in the hard 
segment. The smaller FFV value in the hard segment hinders the intrusion of PEO into 
the hard segment and increases the effective volume of the PEO phase which gas can 
penetrate through easier. In other words, the inter-penetration between the two phases 
will be minimized.  Fig. 4.8 shows the AFM phase images of these three PEO-PI 
membrane surfaces, which gives a visual confirmation of the inter-penetration 
phenomenon.   
 
Fig. 4. 8 AFM phase image of membrane surface: (a). 6FDA-ODA-PEO1(60), (b). 
BTDA-ODA-PEO1(60) and (c). PMDA-ODA-PEO1(60) 
 
Fig. 4.8(C) shows the two phases clearly, whereas, in 6FDA-ODA-PEO1(60), the phase 
separation is not obvious. This could be attributed that the higher degree of inter-
penetration between the soft and hard phases. The glass transition temperatures of PEO in 
different dianhydride based copolymers also support our hypothesis. As can be seen in 
Fig 4.2, all Tg detected in copolymers are higher than the Tg of pure PEO [33], this 
indicates different degree of contamination in the membranes. Tg of the three different 
dianhydride based copolymers follow the sequence of 6FDA-ODA-PEO1(60)>BTDA-
ODA-PEO1(60)>PMDA-ODA-PEO1(60). This implies that the inter-penetration in 
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6FDA-ODA-PEO1(60) is the most severe one and the PEO domain in the membrane is 
very small, hence there is no endothermic peak corresponding to PEO melting, is 
observed in the DSC curve. 
 
4.2.2.5. Mixed gas permeation tests 
 
4.2.2.5.1. Improved CO2/H2 selectivity compared with pure gas test 
 
Mixed gas tests were performed with a binary gas mixture of 50/50% CO2/H2 feeding, in 
which the testing temperature was 35
o
C and the partial pressure of CO2 was varied from 
2atm, 6atm and 10atm, respectively. Fig. 4.9 shows the comparison of gas transport 




Fig. 4. 9 Comparison of gas transport performance between pure gas and mixed gas 
tests 
 
As can be seen from Fig. 4.9(A), the CO2/H2 selectivity in the mixed gas tests is much 
higher than that in pure gas tests. The drastic increment in CO2/H2 selectivity is mainly 
ascribed to the substantial decrease of H2 permeability in the mixed gas tests as illustrated 
in Fig. 4.9(B). As the copolymer consists of hard polyimide segment and soft PEO 
segment, the decreased H2 permeability can be ascribed to two factors: (1), competition 
of the sorption site in the hard segment; (2), weaker interaction between H2 and polyether 
unit in the soft PEO phase. As mentioned in the section 3.2.1, the hard segment in the 
copolymer is still permeable and contributing to the solubility coefficient even in the 
membranes with high PEO content. In the presence of binary gas feed stream, gas with 
higher condensability (CO2) is easier to be condensed and absorbed in the membrane. As 
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a result, the less condensable spice (H2) would be excluded from this sorption site, which 
leads to the diminution of its permeability. This observation is consistent with the work 
done by Chern et al. [36,37]. They observed that the CO2 permeability decreases in the 
presence of water molecules in the feed stream since water molecule has higher 
condensability and CO2 molecules are progressively excluded from the sorption site in 
glassy polymeric membranes as the relative water humidity increases in the feed. Another 
possibility for the reduced H2 permeability in mixed gas tests is due to the fact that H2 has 
a lower interaction with ether oxygen unit in the soft PEO phase compared with CO2. In 
the presence of CO2 and H2 gas mixture in the feed, the favorable interaction between 
CO2 and ether oxygen unit hinders the permeability of H2. The higher degree of 
interaction between CO2 and the polymer matrix leads to the higher magnitude of H2 
permeability reduction. Therefore, membranes with higher content of PEO tend to have a 
bigger margin of H2 reduction from pure gas tests to mixed gas tests. Fig. 4.9(B) shows 
the biggest H2 permeability drop in PMDA-ODA-PEO1(65) which has the highest PEO 
content. As a result, the CO2/H2 selectivity shows an attractive result in the mixed gas 
tests. 
 
4.2.2.5.2. Effect of CO2 partial pressure in the mixed gas tests 
 
The pressure-dependent mixed gas tests were performed at CO2 partial pressures of 2 atm, 
6 atm and 10 atm to investigate the gas separation performance of the membranes. Fig. 




Fig. 4. 10 Effect of CO2 partial pressure on PH2 and PCO2/PH2 
 
As can be seen, the H2 permeability increases gradually and CO2 permeability maintains 
or increases slightly as partial pressure of CO2 increases. This phenomenon can be 
attributed to the fact that CO2 induces chain swelling and creates the bulk flow effect as a 
result of increasing CO2 partial pressure. This low magnitude of chain swelling causes 
greater permeability increment for smaller molecules than bigger molecules. Therefore, 
the gas pair selectivity decreases as the CO2 partial pressure increases. This observation 
shows a good agreement with the work done by Car et al. [23], in which the CO2 
permeability in Pebax/PEG blend membranes increases slightly or stays almost the same 
in mixed gas tests and the CO2/H2 selectivity decreases as the magnitude of H2 
permeability increment is higher than CO2.  
 
Fig. 4.11 compares the mixed gas results with the upper bound of conventional 
membrane materials for CO2/H2 separation. The reverse selective membranes have a 
CO2/H2 separation performance well above the upper bound line. PMDA-ODA-PEO1 
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with 65% PEO content shows the best performance of CO2 permeability and CO2/H2 
selectivity of 179.3 Barrer and 22.7, respectively, at 35
o
C and CO2 partial pressure of 2 
atm. This performance is especially impressive and valuable because the test temperature 
is 35 
o
C, not below 0 
o
C. Results taken from other researches for comparison purpose 
[22,25,26,28].  
 
Fig. 4. 11 Mixed gas permeation test results compared with the upper bound line 
 
4.2.3. Permeability prediction by the Maxwell equation 
 
Since PEO containing copolyimides consist of hard polyimide phases and soft PEO 
phases, the permeability of PMDA-ODA-PEO1 with different PEO percentages may be 























                                                  (4-3) 
where Peff is the effective permeability, PC and PD are the permeability of the continuous 
phase and dispersed phase, respectively, and D  is the volume fraction of the dispersed 
phase in the copolymer. Below are the assumptions we made in the construction of the 
Maxwell prediction curve, the hard polyimide phase is the continuous phase when the 
PEO content is lower than 40%, while the soft PEO phase is the continuous phase if the 
PEO content is more than 60%. In other words, there is a matrix phase transition when 
the PEO content is between 40% and 60%, an average value will be used as the predicted 
value during this transition. The permeability of pure PEO in the amorphous state (143 
Barrer) is used as the permeability of the soft segments [33] since PMDA-PEO1 is unable 
to be synthesized in the laboratory. A permeability of 1.14 Barrer is used for PMDA-
ODA as the permeability of the hard segments [39]. Fig. 4.12 shows the Maxwell 
predicted values and experimental data and a good agreement can be observed. Since the 
original Maxwell equation was derived to predict the resistance in a conducting medium, 
the predicted value is accurate only when the materials in the medium are independent to 
each other [38]. Therefore, the deviation observed in Fig. 4.12 may arise from the 










The following conclusions can be made from this study: 
1) The mechanical strength of membrane is significantly affected by the content of PEO 
in copolymer. It decreases with an increase in PEO content, especially when the PEO 
content is more than 40%, where the soft segment is forming a continuous phase. 
2) In pure gas tests, the increase in CO2 permeability of PMDA-ODA-PEO1 with 
increasing PEO content is attributed to the increase in gas diffusivity. The CO2 
permeability and CO2/H2 permselectivity experience an initial increase followed by a 
decrease when the PEO molecular weight in PMDA-ODA-PEO increases. Therefore, 
there is an optimal PEO molecular weight to be used in membrane fabrication; this 
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optimal molecular weight provides a balance between the degree of crystallinity and 
micro-phase separation in order to obtain the best separation performance.  
3) The FFV of the pure polyimide with different dianhydride moieties leads to different 
degrees of inter-penetration between the hard segments and soft segments; a higher 
degree of inter-penetration leads to a lower CO2 permeability and CO2/H2 selectivity. 
4) In mixed gas permeation tests, CO2 permeability of 179.3 Barrer and CO2/H2 
selectivity of 22.7 is reported for PMDA-ODA-PEO1(65) at 35
o
C and CO2 partial 
pressure of 2 atm. The selectivity is much higher than pure gas tests due to CO2 out 
compete H2 for the sorption site in the hard segment and better interactions between 
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Flue gas from fossil fuel power plants is the main contributor to carbon dioxide emission. 
Global warming caused by the emission of greenhouse gases is a worldwide 
environmental concern. The development of advanced technologies to reduce the 
emission of greenhouse gases is of paramount interest to the global community [1,2]. 
There are a few ways to reduce the emission of carbon dioxide such as improvement in 
the energy efficiency, use of non-fossil fuel power sources (e.g. biomass energy, wind 
energy, solar energy and nuclear energy) [3], carbon dioxide capture and storage [4] and 
etc. Carbon dioxide capture and storage from flue gas has attracted attention from 
researchers worldwide over the past decade. Several methods have been identified to 
separate the CO2 from its mixture, such as absorption, adsorption, cryogenic distillation 
and membrane technology. Absorption of carbon dioxide via amine based solvent is still 
the dominant process, especially in large scaled industries. However, membrane is an 
emerging technology and holds great promises for bulk separation. It displays attractive 
advantages over conventional methods due to its (1) high energy efficiency, (2) cost 
effectiveness with a smaller footprint, (3) simplicity in operation, (4) compactness and 
portability, and (5) environmental friendliness [5].  
 
In order to compete with other technologies, a membrane with good mechanical strengths 
and gas separation performance is required. Polymeric membranes are widely adopted in 
gas separations owing to their good performance and manufacturability. However, it was 
Kawakami et al. [6], who discovered that the polyethylene glycol (PEG) blend membrane 
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has good separation performance for CO2/N2 mixtures. They reported that the PCO2/PN2 
ratio increased with an increase in PEG content, while PO2/PN2 remained the same. Hence 
they concluded that there was an enhanced affinity between PEG and CO2. Since then, 
PEG was utilized in many studies for capturing CO2. Okamoto et al. [7,8] incorporated 
PEG into polyimides to produce PEG-PI membranes for CO2/N2 separation  and reported 
a CO2 gas permeability of 140 Barrer and a CO2/N2 selectivity of 70. The high CO2/N2 
selectivity was attributed to high solubility selectivity due to the strong interactions 
between CO2 and the PEG phase. Peinemann’s group [9,10] blended small molecular 
PEG with commercially available Pebax and found that the CO2 permeance and CO2/N2 
selectivity of both dense films and composite membranes increase with increasing PEG 
loading. Reijerkerk et al. [11] further modified the PEG with PDMS 
(Polydimethylsiloxane) before incorporated into Pebax, the resultant membranes with 50 
wt% of PDMS-PEG showed a CO2 permeability of 532 Barrer with a CO2/N2 selectivity 
of 36.1. 
 
Most studies on PEG membranes for gas separation were carried out using dense 
homogeneous films. They have tremendous scientific values, such as the intrinsic gas 
diffusivity, solubility as well as the gas permeability. However, the low flux and weak 
mechanical strengths limit the potential of these dense PEG films in real industrial 
applications. Therefore, asymmetric or composite membranes comprising a very thin 
selective layer and a porous substrate support are more favorable in industrial 
applications owing to their high gas flux. Among various types of asymmetric 
membranes [12], the hollow fiber configuration prevails because of its unique geometric 
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morphology and self-supporting characteristics. Therefore, in the light of aforementioned 
advantages of PEG, it is worthwhile to explore and design the hollow fiber membrane 
consisting of PEG containing polymers for gas separation. So far, there is limited 
literature on the PEG hollow fiber membrane because of its slow phase inversion rate in 
any experimentally known solvent and hence the difficulty to fabricate it via dry-jet wet-
spinning process. Till today, only Susuki et al. [13] has produced PEG containing 
polyimide hollow fiber. However, the solvent used is highly toxic and the PEG loading in 
the dope is limited. For these  reasons, research directions had been changed to coat PEG 
containing materials onto hollow fiber supports to form composite membranes. The 
resultant composite membranes consist of a microporous hollow fiber substrate which 
provides mechanical strengths and a thin PEG selective layer which determines the gas 
separation performance. Liu et al. [14] coated the poly(ether block amide) onto a 
polyetherimide hollow fiber substrate and displayed a similar gas pair selectivity of 
CO2/N2 as compared with the dense film. Ji et al. [15] fabricated poly(N,N-
dimethylaminoethyl methacrylate)-poly(ethylene glycol methyl ether methyl 
acrylate)/polysulfone composite hollow fiber membranes and reported the CO2 
permeance following the facilitated transport mechanism in addition to the solution 
diffusion mechanism.  
 
Recently, Shao and Chung [16] adopted a new strategy of organic-inorganic cross-linking 
to enhance the stability and mechanical strength of dense PEG containing membranes. 
This method demonstrated that the PEG crystallinity was reduced and the Young’s 
modulus was increased with an increase in inorganic content in dense membranes. The 
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excellent gas permeability and improved mechanical strength of this cross-linked 
PEG/silica membrane inspired us to coat the similar material onto a hollow fiber support 
to bring it closer to industrialization. Therefore, the objectives of this paper are to develop 
novel composite hollow fiber membranes by multiple coatings of a PEG containing 
hybrid material onto polyethersulfone substrates using laboratory scale continuous 
coating equipment and to investigate the key processing parameters to optimize the gas 
transport performance of the resultant membranes. In addition, advanced analytic tools 
such as positron annihilation spectroscopy (PAS) and others were employed to 
characterize the layer by layer structure in order to elucidate the science and engineering 
of coating process and the effects of coating solution and pre-wetting conditions. The 
roles of other operating parameters (e.g. operating temperature and pressure) on CO2/N2 
separation performance were also investigated by using pure gas and mixed gases streams. 
The ultimate thickness of the dense selective layer is approximately 150 nm. The 
membrane fabricated from a 0.5 wt% coating solution shows an impressive CO2/N2 
selectivity of 50 with the CO2 permeance of 30 GPU at 25 
o
C and 0.2MPa (2atm).  
 
5.2. Results and discussion 
 
5.2.1. Effect of surface morphology of substrates on gas separation performance 
 
In this work, the designed composite membrane consists of an outer dense selective layer, 
made from a PEG containing coating solution, and an inner porous PES hollow fiber 
support layer that provides the membrane’s mechanical strength. However, the surface 
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morphology of the substrate plays an important role on the overall gas flux of the 
composite membrane. To determine the optimum substrate, three different polymer dopes 
were prepared. The gas permeances of oxygen and nitrogen of these three substrates are 
compared in Fig. 5.1.   
 
Fig. 5. 1 Gas permeance of three substrates 
 
It shows that both oxygen and nitrogen permeance increase with increasing weight 
percentage of diethylene glycol (DG) in the polymer dope solution. This can be attributed 
to the higher surface porosity generated when a higher amount of DG is added into the 
dope solution. Fig. 5.2 shows the surface and cross-sectional morphology of the three 
substrates and confirms that an increase in DG content in polymer dope results in an 




Fig. 5. 2 Cross-sectional and surface morphology of the substrates 
 
Clearly, the high surface porosity and big pore size lead to lower gas transport resistance 
in the hollow fiber substrate. The above observation is consistent with the results reported 
by Wang et al. [17]. However, the O2/N2 selectivity of the three substrates remains 
around 0.93, which implies that Knudsen flow dominates the gas transport. By using the 
method developed by Yasuda and Tsai [18], the pore sizes of these substrates were 
determined. The hollow fibers spun from PES/NMP (28/72), PES/DG/NMP (28/15/57) 
and PES/DG/NMP (28/30/42) have mean pore sizes of 1.4 nm, 2.3 nm and 6.9 nm, 
respectively. 
 
The ideal substrate should have a high surface porosity but a small mean pore size. Even 
though the fiber spun from PES/DG/NMP (28/30/42) has the highest surface porosity, but 
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it also has the biggest mean pore size. It is vice versa for the fiber spun from PES/NMP 
(28/72). A 1.0 wt% coating solution was then used to coat these substrates with applying 
the pre-wetting agent. The substrate with the best gas separation performance of the 
composite membrane will be selected as the support for further studies. Fig. 5.3 shows 
the CO2 permeance and CO2/N2 selectivity as a function of the number of coating.  
 
Fig. 5. 3 Gas transport performance of the composite membranes coated with 1.0 
wt% coating solution 
 
The CO2 permeance decreases with increasing number of coating because the increased 
thickness of selective layer leads to higher gas transport resistance and thus reduces gas 
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flux, while all CO2/N2 selectivity approach the PEG intrinsic selectivity of about 50 after 
4 PEG coatings. The increasing thickness with increasing number of coating is verified 
by PAS. Fig. 5.4 shows the R parameter versus positron incident energy or the 
corresponding mean depth. R is a measure of the relative amount of 3γ annihilation that 
could only be attributed to o-Ps in vacuum or large pores. 
 
  *-composite membrane fabricated using 1.0 wt% solution with 1 time coating. 
Fig. 5. 4 R parameter versus position energy (or depth) in composite membranes 
(Dense layer thickness with different number of coating) 
                
 As can be observed, R reduces drastically from the membrane surface and reaches the 
smallest value, which corresponds to the dense skin layer. The fast decrease of R near the 
membrane surface is not well understand yet but maybe due to the back diffusion of 
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positronium [19]. The gradual increase from the lowest point to 0.5µm is identified as a 
transition layer between the dense selective layer and the porous PES substrate. As the 
number of coating increases, the minimum value of R is shifting to the right which 
corresponding to the increasing mean depth from the membrane surface. This indicates 
the thickness of the dense selective layer increases with increasing number of coating.  
 
Surprisingly, when comparing the evolution of CO2 permeance and CO2/N2 selectivity 
with the number of PEG coating as shown in Fig. 5.3, the composite membrane with the 
substrate spun from PES/NMP (28/72) has the highest CO2 permeance. On the contrary, 
the highest surface porosity and biggest mean pore size substrate, spun from 
PES/DG/NMP (28/30/42), does not show any of its advantages on gas permeance. This 
may be ascribed to the more severe solution intrusion into the pores of substrate spun 
from PES/DG/NMP (28/30/42) and leads to higher gas transport resistance in the 
substrate [20,21]. The phenomenon of coating solution intrusion is confirmed by 
comparing the thickness of coated layer between the actual thickness on the composite 
membrane and the theoretical thickness of the coated layer which calculated from 
equation 1. Based on the amount of the coating solution delivered to the glass coater 
(0.06 ml/min) at each time, the theoretical thickness of the coated layer is higher than the 
actual thickness which was determined by PAS. This implies that part of the coating 
solution was intruded into the pores on the surface of the substrates and reduced the 




The degree of solution intrusion in these three different substrates can be also determined 
by the PAS analysis. In this series of experiments, a fixed amount of coating solution was 
delivered to the glass coater for each of the three substrates, the final thickness of the 
coated layer was measured by PAS after four consecutive coatings and the results are 
shown in Fig. 5.5. 
 
Fig. 5. 5 R parameter versus position energy (or depth) in composite membranes 
(Dense layer thickness in different substrates) 
 
 The different thicknesses of the dense selective layer on the composite membrane 
indicate the different degrees of the solution intrusion. As can be seen from Fig. 5.5, the 
thickest dense layer on the substrate of PES/NMP (28/72) indicates the minimum solution 
intrusion. This is attributed to the small mean pore size and low surface porosity in this 
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substrate. These results agree well with the surface morphology of the substrates which 
shown in Fig. 5.2. A higher solution intrusion in PES/DG/NMP (28/30/42) substrate 
leads to a thinner dense layer on the surface and it becomes difficult to form a thin defect-
free selective layer. This is reflected by the CO2/N2 selectivity of the composite 
membranes shown in Fig. 5.3B. Although the intrinsic selectivity properties are achieved 
for all the composite membranes after four consecutive coatings, the progressive 
improvement of the CO2/N2 selectivity is different due to the surface morphology of the 
substrates. It is noted that the substrate with the smallest mean pore size leads to a 
minimum solution intrusion into the pores and the dense selective layer is nicely formed 
on the outer surface of the substrate. This is desirable and critical for an ideal coating 
substrate. The minimum intrusion is also reflected by the CO2/N2 selectivity after the first 
coating. The selectivity is the highest for the composite membrane spun from PES/NMP 
(28/72). This implies that the pores of this specific substrate are almost sealed by the 
coating solution with only one time coating whereas, three or four times of coating are 
required to achieve the same magnitude of CO2/N2 selectivity for the other two substrates. 
After conducting this series of experiments, hollow fibers spun from PES/NMP (28/72) 
were selected as the substrate to optimize the gas separation performance.  
 
5.2.2. Gas separation performance 
 




The concentration of the PEG coating solution has the most significant impact on the 
resultant membranes. While the composite membrane coated with 1.0 wt% coating 
solution has achieved the intrinsic selectivity property of the coating material with a 
reasonable gas flux, different concentrations of PEG coating solutions were explored with 
the aim to achieve a higher gas flux. Fig. 5.6 shows the gas transport performance of the 
composite membranes fabricated from different coating concentrations.  
 
Fig. 5. 6 Effect of coating solution concentration on gas transport performance 
 
As shown in Fig. 5.6A, a higher solution concentration leads to a lower CO2 gas 
permeance (except membranes coated with a 0.2 wt% coating solution). This is 
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predictable because, as the concentration of coating solution increases, a relatively 
thicker selective layer will be formed which will result in a higher gas transport resistance 
across the membrane. After four consecutive coatings, the composite membrane coated 
with 0.5 wt% solution has the highest CO2 permeance. The gas permeance of the 
membrane coated with 0.2 wt% decreases more significantly and unselectively than other 
membranes as the number of coating increases. This is due to the fact a low-viscosity 
coating solution will intrude into the pores and partially blocks the gas passage way. As a 
result, the PEG coating material does not bridge the surface pores on the substrate, but 
seal the bulk pores of the substructure. Not only does it reduce the gas permeance, but 
also the selectivity because of a defective selective layer and the enhanced substructure’s 
gas transport resistance. The CO2/N2 selectivity of all the composite membranes is shown 
in Fig. 5.6B. The CO2/N2 selectivity of composite membranes coated with a solution 
concentration higher than 0.5 wt% is much higher than 0.2 wt%. Compare to the intrinsic 
selectivity property of the coating material, the CO2/N2 selectivity of the membrane 
coated with 0.2 wt% indicates that the pores has not been fully sealed or covered by the 
coating material. The defects still exist even after four consecutive coatings and result in 
a low CO2 permeance and CO2/N2 selectivity.    
 
5.2.2.2. Effect of the pre-wetting agent  
 
Three approaches have been proposed to eliminate or reduce intrusion for microporous 
composite membranes; namely, annealing [12,22], quenching [23] and pre-wetting 
[12,20,24]. Annealing reduces pore sizes so that there is an increase in liquid entry 
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pressure or breakthrough pressure to penetrate into or across the membrane and thus 
retards the intrusion process. Quenching increases the viscosity of coating solutions and 
makes the intrusion process much difficult, while pre-wetting temporarily seals substrate 
pores and eliminate intrusion paths. Similar approaches have been employed for the 
coatings of ceramic membranes [25,26] and RO membrane [27]. In principal, the pre-
wetting agent must be immiscible with the coating solution. As a result, the PEG coating 
solution can be deposited on top of the substrate surface and forms a thin selective layer 
when the substrate’s pores are mostly sealed by the pre-wetting agent. In this work, 
fluorinert was chosen as the pre-wetting agent because of its characteristics of low 
boiling temperature, inert to the substrate and low viscosity [20].  
 
Fig. 5.7 shows the effect of pre-wetting on composite membranes fabricated from 0.5 




Fig. 5. 7 Effect of pre-wetting on gas transport performance  
 
After the first PEG coating, the CO2 permeance and CO2/N2 selectivity of the resultant 
membranes using the pre-wetting agent are higher than those without using the pre-
wetting agent. Clearly, the wetting agent is able to saturate the substrate pores and block 
the PEG coating solution from intrusion, while using the PEG coating solution alone is 
unable to cover the pores to form a defect free selective layer. As can be seen in Fig. 
5.7A and 5.7C, after double coatings, the CO2/N2 selectivity of the resultant membranes 
with and without the wetting agent are comparable, indicating their selective layers have 
approached a similar dense structure with fewer defects. However, the CO2 permeance of 
the former (using the wetting agent) is much higher than the latter (without the pre-
wetting agent). This may arise from the difference in substructure’s gas transport 
resistance. In other words, the membrane fabricated without using the pre-wetting agent 
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may have a higher substructure resistance because the intrusion of the PEG coating 
solution likely seals the substructure pores.  
 
We also found that the effect of the pre-wetting agent after the first coating is not as 
severe as the first time coating. This may be due to the fact that the defects on the 
substrate surface are mostly sealed by the PEG coating solution after the first coating. 
With a much lower surface porosity, the intrusion of subsequent PEG coatings is not 
obvious. From the CO2/N2 selectivity results shown in Fig. 5.7B and 8D, the CO2/N2 
selectivity with and without the wetting agent is comparable after double coatings, this 
indicates that the pre-wetting agent does not have much impact after two times of 
coating. This observation is in agreement with the previous work [20] where they 
reported the effect of pre-wetting on the subsequent coating was not as pronounced as the 
first one. The high gas pair selectivity implies that the gas transport through the 
membrane is mainly by the solution diffusion mechanism. The FESEM images in Fig. 5.8 




Fig. 5. 8 FESEM images of composite membranes coated with 1.0 wt% solution 
 
It can be observed that the selective layer thickness increases with increasing number of 
coating. A dense selective layer is formed on the hollow fiber substrate which can be seen 
clearly after two times of coating. The ultimate thickness of the composite membrane 
fabricated from 1.0 wt % solution is approximately 150 nm, which is in a good agreement 
with PAS analyses shown in Fig. 5.4. The surfaces of composite membranes are much 
smoother than the pristine hollow fiber substrate because the defects of the substrate 




5.2.2.3. Effect of operating temperature 
 
Most polymeric membranes demonstrate an increase in gas permeability with 
compromised selectivity when the operating temperature is increased [28]. This is 
because the enhanced segmental motion between polymer chains facilitates the 
permeation of gas molecules across the membrane, but the ability to discriminate gas 
penetrants has been undermined. To understand the behavior of the PEG containing 
hybrid material, the effect of temperature on gas transport performance of the composite 
membrane was investigated. This experiment was conducted by using pure gases and its 
results are shown in Fig. 5.9. The results were obtained from composite membrane 
fabricated from 0.5 wt% PEG coating solution with 4 times coating. The operating 




Fig. 5. 9 Effect of operating temperature on gas transport performance 
 
As can be seen, both permeances of N2 and CO2 increase but accompanied by a declined 
in CO2/N2 selectivity when increasing the operating temperature. This phenomenon is 
consistent with the observation reported by Liu et al. [29], where the gas permeance 
experienced a positive slope and CO2/N2 selectivity a negative slope as temperature 
increases. The higher CO2/N2 selectivity at low temperatures is attributed to the increased 
CO2/N2 solubility selectivity. The affinity and interaction between the PEG containing 
material and CO2 molecules increases with decreasing temperature, hence the solubility 
of CO2 in the polymer matrix increases. Lin and Freeman [30] also reported a similar 
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phenomenon in their cross-linked poly (ethylene glycol diacrylate) due to the favorable 
interaction between CO2 and PEG domain. 
 
5.2.2.4. Effect of operating pressure  
 
Beside these, the effect of operating pressure on composite membranes was also 
examined. Hollow fiber fabricated by coating a 0.5 wt% PEG solution for four times was 
tested with pure gas and mixed gases, in which the testing temperature was set at room 
temperature and the partial pressure of CO2 in the mixed gas tests was varied from 0.2 





Fig. 5. 10 Effect of operating pressure on gas transport performance 
 
As illustrated in Fig. 5.10A, the CO2 permeance increases with increasing operating 
pressure in both pure gas and mixed gas tests. This trend is consistent with the 
performance of PEO containing dense film [16]. The increased CO2 permeance can be 
attributed to the fact that CO2 induced chain swelling and plasticization may occur as 
CO2 partial pressure increases. Compared with pure gas tests, the reduction of CO2 
permeance in mixed gas tests is probably due to two factors; one of them is owing to the 
competition between CO2 and N2 for sorption sites in the membrane; the other factor may 
be due to the effect of higher pressure compression exerted on the membrane surface. 
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When the feed is a binary gas mixture, N2 molecules will compete with CO2 for sorption 
sites although CO2 has much higher affinity to the membrane material. Therefore, the 
presence of N2 reduces the CO2 permeance in mixed gas tests. In addition, with the same 
partial pressure of CO2, the total pressure exerted on the membrane surface in mixed gas 
tests is much higher than in pure gas tests. The higher compression pressure may lead to a 
more packed polymer chains and reduces CO2 permeance. However, two different trends 
of N2 permeance are observed in pure and mixed gas tests. The N2 permeance is generally 
independent on operating pressure in pure gas tests, but it increases with increasing CO2 
partial pressure in mixed gas tests. In the presence of CO2 in the feed stream, the selective 
layer which contains PEG will be plasticized by the gas penetrants and results in an 
increase in gas permeance of other gas components [14]. As shown in Fig. 5.10B, the 
increased N2 permeance renders the membrane less selective in mixed gas tests. In 
addition, the higher the CO2 partial pressure, the more severe plasticization in the 




The results of the present work have demonstrated the fundamental science and 
engineering on how to conduct and characterize multilayer coatings of a PEG containing 
hybrid material onto porous PES substrates for CO2/N2 separation. Compared to the 
traditional dip coating method, the continuous coating methodology is more industrial 
applicable [20] due to its high productivity and better product consistency. The following 
conclusions can be made from this study: 
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(1) A small pore size on the porous substrate is essential for the success of multilayer 
coatings. Not only does it facilitate the formation of an ultrathin selective layer but also 
minimize the solution intrusion problem. A high surface porosity together with a big pore 
size does not favor multilayer coatings and the resultant membranes have no superior gas 
separation performance. 
(2) The concentration of the coating solution affects the separation performance of the 
resultant membranes. A thicker coating layer on the composite membrane leads to a 
higher gas transport resistance. Hence, a selective layer with an optimal thickness is 
essential for high gas transport performance. 
(3) The gas transport performance is enhanced significantly when the pre-wetting agent is 
applied. The pre-wetting agent prevents the intrusion of the coating solution into the 
pores on the substrates. It has great impact especially during the first layer of coating. 
However, it does not have much impact on the second layer coating onwards. 
(4) The effects of operating temperature and pressure on gas separation performance of 
the composite hollow fiber membranes were investigated. The permeance of CO2 
increases with compromising the CO2/N2 selectivity when the operating temperature 
increases.  
Pure gas and mixed gases tests were conducted to investigate the effect of CO2 partial 
pressure on the performance of the composite membranes. In pure gas test, the CO2/N2 
selectivity increases with increasing CO2 partial pressure due to CO2 induced 
plasticization. Whereas, in the mixed gas test, the CO2/N2 selectivity is decreased as the 
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The demand for hydrogen (H2), an important feedstock in the petrochemical industry and 
hydrogen powered fuel cells, has grown rapidly. It can be produced from a wide variety 
of energy sources such as natural gas, coal and biomass [1]. The steam reforming of 
natural gas (eq 6-1) is the dominant industrial process for hydrogen production. The 
hydrogen yield is increased further by a subsequent water-gas shift reaction (eq 6-2) [2].  
224 3HCOOHCH                                                                (6-1)    
222 HCOOHCO                                                                   (6-2) 
There are many byproducts like CO2, CO, and H2O produced in this process, which have 
to be removed to achieve high purity hydrogen for further usage [3]. Currently, pressure 
swing adsorption and cryogenic distillation are the widely adopted methods for hydrogen 
purification [4,5]. However, they have drawbacks such as high energy consumption and 
large footprints. Membrane technology is an emerging separation method that displays 
attractive merits over pressure swing adsorption and cryogenic distillation as it may offer 
(1) high energy efficiency, (2) smaller footprint, (3) minimal moving parts (4) 
compactness and portability, and (5) environmental friendliness [6,7].  
 
Polymeric membranes [8], inorganic membranes [9] as well as mixed matrix membranes 
[10,11] are some types of membranes used for hydrogen purification.  Polymeric 
membranes have great potential among the others owing to their easy processibility and 
reasonably low costs. However, it is a challenging task to separate H2 from CO2 via 
conventional polymeric membranes as H2, being a smaller molecule than CO2, has a 
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higher diffusivity, while the latter has a higher solubility due to its higher critical 
temperature. Therefore, this counter-balance characteristic makes the CO2/H2 separation 
rather difficult as the gas transport through polymeric membranes follows the solution 
diffusion mechanism and the gas permeability is a product of its diffusivity and solubility 
[12].   
 
Poly(ethylene oxide) (PEO) is a promising material for fabricating CO2-selective 
membranes due to its strong affinity with CO2 [13]. Hence, CO2 will permeate selectively 
through the membranes and H2 will be retained at the feed side. High-pressure H2 can 
therefore be produced without additional recompression. Since Kawakami et al. [14] 
reported that PEO has high CO2 affinity, many CO2-selective membranes based on PEO 
have been developed [15-17]. However, the weak mechanical property and the 
crystallization nature of PEO-based materials limit their industrial applications.  
 
The shortcoming of PEO-based polymeric membranes may be overcome by tailoring the 
material chemistry and fabrication process. Chen et al. [18] synthesized the PEO 
containing copolyimide that consisted of hard polyimide and soft PEO segments. The 
hard polyimide segment in the copolymer contributed to the mechanical property of the 
membrane, which increased significantly with increasing hard segment content. Shao and 
Chung fabricated a cross-linked PEO/silica reverse selective membrane for hydrogen 
purification [19]. This cross-linked organic-inorganic hybrid membrane had improved 
mechanical strength and reduced crystallization in comparison with the pure PEO 
membrane. Total elimination of crystallization was reported at a 75% silica loading in 
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their membranes, which is especially desirable in gas separation as crystals are barriers to 
gas transport. Although these membranes have displayed attractive separation 
performance as compared to glassy polymeric membranes, their gas transport and 
separation capability need to be further improved in order to meet the stringent 
requirements in industrial applications. Shao et al. used ethylenediamine (EDA) vapor to 
crosslink the outer surfaces of the polyimide film, the high gas pair selectivity was 
achieved with compromising significantly in the gas permeability [20]. Peinemann’s 
group [21,22] blended low molecular weight poly(ethylene glycol) (PEG) with 
commercially available Pebax and found that the CO2 permeability and CO2/H2 
selectivity of both dense films and composite membranes increased with increasing PEG 
loading. The impermeable PEG crystals in the host polymer were destroyed or minimized 
by the addition of the low molecular weight PEG. Hence the gas diffusivity and solubility 
were increased simultaneously. Reijerkerk et al. [23] further modified the low molecular 
weight PEG with PDMS (Polydimethylsiloxane) before incorporating it into Pebax. The 
resultant membrane with 50 wt% of PDMS-PEG showed a CO2 permeability of 532 
Barrer with a CO2/H2 selectivity of 10.6. The increased gas transport performance was 
owing to the increased free volume between the polymer chains which resulted in an 
increase in diffusivity coefficient. Recently, Chung’s group [24-26] has developed PEG 
modified organic-inorganic hybrid membranes which displayed ultra-high CO2 
permeability without compromising the CO2/H2 selectivity. Again, the high CO2 
permeability was ascribed to the drastic increment in gas diffusivity due to the formation 




In this work, we aim to modify the polymer-silica hybrid matrix with different weight 
percentages of PEGDME by physical blending. The unique end groups of PEGDME and 
its liquid state characteristics may significantly subdue PEG crystallization and enhance 
gas diffusivity. The morphological evolution of siloxane networks during in-situ 
fabrication will be correlated with gas transport properties so that the fundamental 
mechanism of permeability increases can be elucidated. In addition, the effect of CO on 
gas separation performance will be studied. The effects of minor components such as CO, 
H2S, NOx and SOx on gas transport properties are rarely investigated. Till today, only 
Scholes et al. [27] reported the effects of CO, H2S and water on PDMS films. They 
observed that the presence of minor gas components reduced the CO2 permeability in 
PDMS films. Since a trace amount of CO is inevitably present in the feed stream after the 
water gas shift reaction, it is worthwhile for us to investigate its effect on PEO based 
membranes. Therefore, the gas separation performance of the newly developed 
membranes is studied using both binary (CO2/H2) and ternary gas mixtures 
(CO2/H2/carbon monoxide (CO)). To the best of our knowledge, this is the first work 
studying the effect of carbon monoxide on the PEO-siloxane hybrid material. The results 
may provide insight for the material science and gas permeation behavior of other hybrid 
systems. The resultant membrane containing 50 wt% of PEGDME shows CO2 gas 
permeability and CO2/H2 selectivity of 1637 Barrer and 13 at 35 
o
C, respectively. 
Compared to pure gas performance, the second component (H2) in the mixed gas reduces 
the CO2 permeability. The presence of CO in the feed gas stream decreases both CO2 and 
H2 permeability as well as CO2/H2 selectivity as it reduces the concentration of CO2 
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molecules in the polymer matrix. The mixed gas results affirm the promising applications 
of the newly developed membranes for H2 purification.   
 
6.2. Results and discussion 
 
6.2.1. Physicochemical characterizations 
 
The polymer-silica hybrid matrix and its blended membranes were monitored using 
ATR-FTIR. Fig. 6.1 shows the FT-IR spectra for all the membranes.  
 
Fig. 6. 1 FT-IR spectra of GOTMS and the blended membranes 
 
In this chapter, the blended material is referred as PSHM/PEGDMExx whereby PSHM 
represents the polymer-silica hybrid matrix; PEGDME denotes the poly(ethylene glycol) 
dimethyl ether additive and XX refers to the wt% of the additive. The weight percent of 
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the PEGDME additive was referred to the weight of PEGDME to the total weight of the 
membrane.  
 




 and  1087cm
-1
 show the characteristics of CH 
stretching, CH2 scissoring and C-O-C stretching, which are contributed from the PEG 
group [28], respectively. The common peaks appear at 1645cm
-1
 and 3650 cm
-1
 are 
attributed to the N-H scissoring and O-H or N-H stretching, respectively. These peaks 
prove the reaction between the epoxy and amine groups [29]. The peaks related to the 
epoxy ring at 1254 cm
-1
 and 909 cm
-1
 decrease or even disappear; indicating the epoxy 
ring opening has occurred and reacted with the amine groups [30]. The peak appearing at 
1010cm
-1
 in the PSHM and its blended membranes shows the characteristic of the Si-O-
Si stretching [31]. This indicates the condensation of the hydrolyzed GOTMS and the 
formation of the siloxane networks in the matrix. The peak intensity of PEO increases 
with an increase in PEGDME weight percentage because PEGDME also contains the 
PEO functional group. 
 
The chemical structure of the polymer-silica hybrid matrix is further confirmed by the 
solid state 
29
Si NMR. Fig. 6.2 shows the 
29
Si NMR spectra of the hybrid matrix and its 




Fig. 6. 2 Solid state 
29
Si NMR of the PSHM and the blended membranes 
 
In the PSHM, there are two 
29Si peaks at δ= - 59 and δ=  - 68 ppm which can be assigned 
to silicon sites of  T
2
 (RSi(OSi)2OH) and T
3
 (RSi(OSi)3) groups [32], respectively. 
However, there is only one single peak that appears at δ= - 68 ppm for the blended 
materials. Since water will form hydrogen bonds with PEGDME, the addition of 
PEGDME may reduce the water content in the mixture, shift the reaction to the right, and 
facilitate the cross-linking reactions between the siloxane groups in the sol-gel process 
[33]. Hence, the peak T
2
 which consists of two siloxane and one hydroxyl bonds 
decreases with increasing PEGDME content and disappears eventually. The conversion 




 results in the increase in T
3
 intensity in the blended materials; 
the T
3
 peak is higher compared to the peak in PSHM. The only peak at δ= - 68 ppm in the 
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blended materials indicates that the siloxane groups have been fully condensed. Fig. 6.3 
illustrates the reaction process and the final chemical structure of the polymer-silica 
hybrid matrix. 
 
Fig. 6. 3 Reaction scheme of the PSHM and the blended membranes 
 
The dispersion of nano-sized siloxane domains in the organic matrix was characterized 
by STEM and the images are shown in Fig. 6.4. Due to the resolution of the equipment, 




Fig. 6. 4 STEM images of the PSHM (6.4A) and the blended membranes (6.4B) 
 
The bright spots in Fig. 6.4A and 6.4B are the clusters of the siloxane network. It is 
important to note that the white spots are not agglomeration of nanoparticles, but an 
indication of high density regions of silica. Fig. 6.4D shows the distribution of silica 
under a high magnification. It can be observed that the size of the silica is within the 
range of 1-5 nm and the nanoparticles are homogeneously distributed over the polymer 
matrix. As illustrated in Fig. 6.4A and 6.4B, the clusters in PSHM is much lesser than 
that in the blended materials. This could be ascribed to the incomplete siloxane 
condensation in the PSHM as evident in 
29
Si NMR (Fig. 6.3A), which shows a lower 
intensity of the T
3
 peak. As explained in the NMR analysis, the addition of the PEGDME 
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favors the siloxane condensation reaction, forms more siloxane networks in the matrix, 
and also increases the size of the clusters. A big siloxane network is favorable for gas 
transport which will be discussed later. Although the cluster sizes are in the range of 100-
200 nm (Fig, 6.4C), the actual size of silica is still smaller than 5nm (Fig. 6.4D). This 
confirms that the particles did not agglomerate which is preferred for gas separation 
membranes as particle agglomeration might induce defects on the membrane surface and 
deteriorate the gas separation efficiency.  
 
6.2.2. Gas permeation and separation properties 
 
6.2.2.1. Gas transport performance in pure gas tests 
 
The ether oxygen group has been identified as the best chemical group which interacts 
favorably with acid gas CO2 [13]. Many publications reveal that both gas diffusivity and 
solubility increase with increasing PEG content in the membrane with attractive gas 
separation capability [22,23]. Table 6.1 summarizes the effect of PEGDME content on 
gas transport properties of the newly developed membranes and their sorption and 
diffusion coefficients, while Fig. 6.5 illustrates the diffusivity, solubility and permeability 







Table 6. 1 Summary of the pure gas separation performance of the membranes 
 
 
Fig. 6. 5 Gas separation performance as a function of PEGDME content 
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The CO2 permeability increases sharply from 267 Barrer to 1636 Barrer when the 
PEGDME additive reaches 50 wt%. The 6-fold increment in CO2 permeability is mainly 
contributed from the increment in diffusivity coefficient. Differential scanning 
calorimetry (DSC) data (not shown here) have proved that the polymer is in amorphous 
state as the melting temperature of PEO is below the testing temperature (35 
o
C). PEO 
crystals which are barriers to gas transport in the polymer matrix are melted at 35 
o
C. 
This result is consistent with the work done by Xia et al. [25] where they found no PEO 
crystallinity at 35 
o
C when a low molecular weight PEG was blended into the polymer 
matrix. However, PEO crystals were observed in their blend system when a high 
molecular weight PEG was used.  
 
The methyl end groups in PEGDME play an important role on gas separation 
performance as it prevents the hydrogen bonding from interaction among polymer chains. 
Hence the intermolecular space is increased, resulting in polymer chains with high 
mobility [22,34]. Since the diffusivity of the liquid state PEGDME is much higher than 
the host PSHM, the overall diffusivity coefficient is significantly improved.  
 
Another factor which contributes to the increased CO2 permeability is the solubility 
coefficient. As mentioned above, PEO is in amorphous state at the testing temperature. 
The interaction between CO2 and the polymer matrix increases with increasing content of 
amorphous PEO. Fig. 6.6 shows the CO2 sorption isotherms of PSHM and its blended 




Fig. 6. 6 CO2 sorption isotherm of the PSHM and the blended membranes 
 
The sorption isotherms of all the membranes are essentially linear, which display a 
typical characteristic of rubbery materials [35]. All the synthesized membranes show 
higher CO2 sorption capability than amorphous PEO. This can be ascribed to two factors: 
(1) the presence of Si-O bonds in the PSHM that have high CO2 affinity [36] (2) the 
increased EO units in the PEGDME enhance the interaction between CO2 and the 
polymer matrix. As a result, the solubility increases with PEGDME content in the 
membrane. This observation is consistent with the work done by Yave et al. [22] and 
Reijerkerk et al. [23]. They observed that CO2 solubility increased with increasing PEG 
loading in the Pebax matrix.  
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The increase in CO2/H2 selectivity could be attributed to both the solubility and 
diffusivity selectivity. Due to the substantial increment in CO2 diffusivity coefficient, the 
size discriminating ability of the membrane diminishes. Hence the diffusivity selectivity 
of CO2/H2 increases with increasing PEGDME content in the membrane and approaches 
to unity. The increase in the solubility selectivity is ascribed to the increase in the number 
of EO units available in the material which increases the interaction between the material 
and CO2. The methyl end groups in PEGDME increases the number of available EO units 
in the polymer matrix by hindering hydrogen bonding, thus contributing to the increase in 
the CO2/H2 solubility selectivity.  
 
The activation energy of permeation is closely related to the gas diffusion and solubility 
in polymeric membranes. Since the gas transport through the membrane follows the 
solution-diffusion model, the activation energy of permeation can be expressed as the 
sum of the activation energy of diffusion and the enthalpy change of sorption of the gas 
penetrant in the polymer matrix as shown by equation 6-3 [37].  
SdP HEE                                         (6-3)  
The enthalpy change of sorption typically involves two thermal dynamic steps; the 
condensation of the pure penetrant and the mixing of the pure penetrant with the polymer 
matrix. Therefore, equation 6-3 can be rewritten as follows: 
mixconddP HHEE                   (6-4)  
where Ed is the activation energy of diffusion, ∆Hcond and ∆Hmix are the enthalpy changes 
of condensation and mixing, respectively. Fig. 6.7 shows the permeation activation 




Fig. 6. 7  Activation energy of permeation of H2 and CO2   
 
As can be seen, the permeation activation energy of both CO2 and H2 decreases with 
increasing PEGDME content in the blended membranes. This implies that the energy 
barrier for gases to permeate through the membrane is lowered with the addition of liquid 
state PEGDME into the PSHM. This phenomenon is a combinative result of many 
complicated factors. Firstly, the gas diffusion rate in liquid is much higher than in solid. 
The addition of liquid state PEGDME reduces the diffusivity activation energy (Ed) of all 
gases. Secondly, an increase in EO content in the blended membranes enhances the 
interaction of CO2 with the polymer because of releasing more negative heat of mixing. 
This results in lower activation energy of permeation for CO2.  Thirdly, the clusters of the 
fully porous siloxane network in the blended membranes reduces the surface energy 
162 
 
which is thermodynamically favored to facilitate the CO2 desorption [24]. Hence the 
energy required for permeation is lower compared to PSHM. Despite the small molecular 
size of H2 (2.89 Å), the permeation activation energy of H2 is still higher than CO2. This 
can be ascribed to the lower condensability of H2 (33.2 K) compared to CO2 (304.2 K) 
[38]. With the addition of 50 wt% of PEGDME into the PSHM, the activation energy of 
CO2 and H2 decreases by 91.5% and 23.1%, respectively. This reveals that the drastic 
drop in CO2 activation energy is mainly contributed from the large negative value of 
∆Hmix as Ed increases with increasing penetrant size and ∆Hcond is a property of the 
penetrant [39].  
 
6.2.2.2. Effect of pressure on gas separation performance 
 
In the PSHM and its blended membranes, the organic material which contains PEO is 
prone to be swelled when the CO2 concentration in the polymer matrix is high. The 
swelling effect of polymer chains is beneficial for CO2/H2 separation [17]. As 
plasticization is pressure dependent, all the membranes show the same trend as the 
pressure increases. Using the membrane with 30 wt% of PEGDME as an example, Fig. 
6.8 shows the pure gas permeability and selectivity as a function of feed gas pressure and 




Fig. 6. 8 Effect of feed pressure on the pure gas separation performance 
 
As the sorption concentration of CO2 increases with increasing feed pressure (shown in 
Fig. 6.6), the CO2 gas acts as a plasticizing agent to swell and increase the mobility of 
polymer chains, hence increases the CO2 gas permeability. Compared to 10-15% CO2 
permeability increment in most rubbery materials due to plasticization when CO2 
pressure increases from 2 atm to 15 atm [17,23], the 6.6% increment in our membrane 
implies that the current membranes is more robust towards swelling. This could be 
ascribed to the high degree of cross-linked structure in the PSHM (gel content is 98.3%) 
as the host matrix for the blended membrane. However, the swelling phenomenon of 
164 
 
polymer chains still exists due to the presence of free PEGDME and the ED-2003 in the 
PSHM. Coincide with the observation by Reijerkerk et al. [23], the gas permeability of 
H2 decreases slightly as the pressure increases. The small margin of H2 permeability 
reduction could be owing to the increased chain packing in the matrix when the testing 
pressure increases. Therefore, with the increased CO2 permeability and decreased H2 
permeability, the CO2/H2 selectivity increases with increasing feed gas pressure.  
 
6.2.2.3. Comparison of gas transport performance between pure gas and mixed 
gases tests 
 
Mixed gas tests were performed with an equimolar gas mixture of CO2 and H2, in which 
the testing temperature was 35
o
C and the partial pressure of CO2 was varied from 2atm to 





Fig. 6. 9 Gas separation performance of the mixed gas tests (Feed is CO2/H2 50:50 
mol%) compared with the pure gas tests 
 
As illustrated in Fig. 6.9, the CO2 permeability increases with increasing operating 
pressure in both pure gas and mixed gas tests. Similarly, the increased CO2 permeability 
can be attributed to the fact that CO2 induced chain swelling and plasticization may occur 
as CO2 partial pressure increases. Compared with pure gas tests, the reduction of CO2 
permeability in mixed gas tests is probably due to two factors; one of them is owing to 
the reduced CO2 concentration in the membrane matrix when H2 is present; the other 
factor may be due to the effect of higher pressure compression exerted on the membrane 
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surface. Scholes et al. [27] have determined the Flory-Huggins interaction parameter for 
CO2 and other light gases in rubbery materials. The interaction between CO2 and light 
gases within the material is less favorable than the interaction of either gas with the 
rubbery material. This reveals that the regions with light gases present in the membrane 
are less likely to have CO2 present at the same time. In other words, the presence of any 
light gases in the membrane reduces the concentration of CO2 despite its higher affinity 
to the membrane material. Hence this reduces the CO2 gas permeability. In addition, with 
the same partial pressure of CO2, the total pressure exerted on the membrane surface in 
mixed gas tests is much higher than in pure gas tests. The higher compression pressure 
may lead to a more packed polymer chains and reduces CO2 permeability. This is 
reflected on the CO2 permeability in mixed gas tests; the increment of CO2 permeability 
in mixed gas tests is lesser than in pure gas tests when the CO2 partial pressure is higher 
than 8 atm. However, two different trends of H2 permeability are observed in pure and 
mixed gas tests. The H2 permeability increases with increasing CO2 partial pressure in 
mixed gas tests, which is an opposite trend with that in pure gas tests. In the presence of 
CO2 in the feed stream, the rubbery material which contains PEG will be plasticized by 
CO2 and results in an increase in the gas permeability of other gas components [40]. As 
shown in Fig. 6.9, the increased H2 permeability renders the membrane to be less 
selective in mixed gas tests. The CO2/H2 selectivity in the mixed gas test is independent 
on the feed pressure. This observation is in great consistency with the work done by 




6.2.2.4. Effect of CO in mixed gas tests 
 
As the typical concentration of CO in the hydrogen stream after the water-gas shift 
reactor is about 1.0 mol% [41], a tertiary gas mixture with 1.0 mol% of CO and balance 
of equimolar CO2 and H2 were used to investigate the effect of CO on gas separation 
performance. Fig. 6.10 shows the performance with and without CO in the mixed gas 
tests using the membrane with 30 wt% of PEGDME.  
 
Fig. 6. 10 Effect of CO on gas transport performance. Feed gas composition: with 




Within the testing range of pressure, both CO2 and H2 permeability decreases by an 
average of 8.0% for the former and 2.5% for the latter upon the introduction of CO in the 
feed stream. This indicates the minor component CO might reduce the concentration of 
both CO2 and H2 in the membrane as explained in section 3.2.2. This finding is in 
consistent with the work done by Scholes et al. [27]. They reported that upon the 
introduction of CO in the mixed gas feed, the CO2 and N2 permeability drop by an 
average of 10.0% and 5%, respectively. By understanding the properties of gas penetrants 
in the ternary gas mixture system and gas transport mechanism in polymeric membranes, 
one can predict the separation performance of the membrane. Comparing the kinetic 
diameter between CO (3.76Å) and H2 (2.89Å) [38], the former has a much bigger 
molecular size than the latter; that means H2 possesses a much higher gas diffusivity than 
CO. However, CO (Tc=132.9 
o
C) has a higher condensability than H2 (Tc=33.2 
o
C) [38], 
the condensation of CO is higher than H2 on the membrane surface. Since the 
transportation of H2 mainly depends on the gas diffusivity due to its low solubility ability, 
the presence of CO does not have a big impact on H2 permeability in the mixed gas test. 
On the other hand, CO will compete for the sorption on the membrane surface with CO2 
although CO2 (Tc=304.2 
o
C) has a higher condensability than CO. The competition on the 
surface absorption and space within the polymeric matrix between CO and CO2 resulted 
in a bigger drop of CO2 permeability when CO is present in the feed. Overall, the higher 
reduction in CO2 compared with H2 leads to a lower CO2/H2 selectivity when CO is 







Polymer-silica hybrid matrix and its blended membranes have been prepared and the gas 
separation performance has been studied extensively using pure gas and mixed gases. 
The permeability of the membrane has improved substantially while maintaining the 
CO2/H2 selectivity after addition of 50 wt% of PEGDME. The high permeability of CO2 
and a stable chemical structure augment the feasibility in industrial applications. The 
following conclusions can be made from this study: 
(1) Liquid state PEGDME improves the gas separation performance of the blended 
membranes. The significant increment in CO2 permeability is attributed to the 
increase in both gas diffusivity and solubility.  
(2) The morphological and structural evolution in the siloxane network results in the 
reduction of the surface energy for CO2 desorption, hence increases the CO2 
permeability. 
(3) In the mixed gas tests, the presence of the second component reduces the 
concentration of CO2 in the membrane matrix which leads to a decrease in the CO2 
permeability and CO2/H2 selectivity. 
(4) The minor component of CO competes with the sorption site and space within the 
polymer matrix and results in the reduction in both CO2 and H2 permeability as well 
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The search for an alternative green energy is attracting much attention from the global 
community [1]. Hydrogen is a potential solution because it is a clean energy carrier 
which produces only water upon combustion. Currently, the dominant industrial process 
for hydrogen production is the steam reforming of natural gas followed by a water-gas 
shift reaction to increase H2 purity [2]. CO2, as a by-product, has to be removed in order 
to obtain high purity hydrogen for downstream applications. Pressure swing adsorption 
(PSA) and cryogenic distillation technologies are widely adopted for removing CO2 from 
hydrogen in industrial applications [3,4]. However, they have drawbacks such as high 
energy consumption and large footprints. Membrane technology is an emerging 
separation method that displays attractive merits over these conventional technologies 
such as high energy efficiency, compactness and portability, simplicity in operation and 
environmental friendliness [5].
 
   
 
The development of new membrane materials, which can efficiently separate CO2 from 
light gases such as H2, N2, CH4, is a major challenge to researchers around the world. 
Polymers are one of the most popular membrane materials studied for CO2/light gas 
separation owing to their easy processibility and cost effectiveness. Poly(ethylene oxide) 
(PEO) is a promising material for CO2-selective membranes due to its strong affinity to 
CO2 [6]. Hence, CO2 will permeate selectively through the membrane and H2 will be 
retained at the high pressure feed side. High-pressure H2 can therefore be produced 
without additional recompression. Since Kawakami et al. [7] discovered that PEO had 
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high CO2 affinity; many PEO based CO2-selective membranes have been developed [8-
12]. Lin et al. [10] reported that the PEO based membranes could achieve high gas 
permeability without compromising gas pair selectivity and CO2 plasticization enhanced 
the efficiency for hydrogen purification. However, the weak mechanical strength and the 
crystallization nature of PEO-based materials limit their industrial applications.  
 
RTIL possesses negligible vapor pressure, thermal stability and high CO2 solubility [13]. 
It can be used as a non-solvent additive to improve polymer properties [14] and it is also 
an ideal substitute to replace the toxic solvents in hollow fiber spinning [15]. The low 
volatility and thermal stability render RTILs as ideal liquid phases for supported liquid 
membranes [16,17]. In addition to scientific values, supported ionic liquid membranes 
(SILM) can be used for evaluating gas diffusivity, solubility as well as permeability in 
different kinds of RTILs [18]. However, the long term stability is always an issue for 
SILM. The high CO2 solubility of some RTILs motivates some researchers to fabricate 
free standing poly(RTILs) membranes in order to achieve better mechanical stability. 
Surprisingly, some poly(RTILs) exhibited even higher CO2 solubility and faster CO2 
sorption and desorption rates compared to those of the RTIL monomers [19,20]. Prof. 
Noble’s group [21,22] polymerized RTILs to form dense poly(RTILs) membranes for 
CO2/N2 and CO2/CH4 separation. The CO2/N2 separation performances of their 
poly(RTILs) are better than many other polymers. Compared to RTIL monomers, 
poly(RTILs) are able to absorb about twice as much CO2. However, it was also observed 
that gas diffusivity was reduced in poly(RTILs) due to the restriction of chain mobility 




[23] and Bara et al.
 
[24] incorporated ‘free’ (unreacted) RTILs into poly(RTILs) and 
formed poly(RTILs)-RTIL composite membranes. The homogeneous poly(RTILs)-RTIL 
membrane showed much improved gas permeability compared with their poly(RTILs) 




[25] reported a series of PVDF/[emim][BF4] polymer gels that exhibited 
impressive gas separation performance. The best performance of their polymer gels had 
CO2 permeability and CO2/N2 selectivity of 400 Barrer and 60, respectively. The CO2 
permeability increased simultaneously with CO2/N2 selectivity as the content of RTIL in 
these polymer gels increased. This performance surpassed the latest upper bound for the 
CO2/N2 gas pair. However, the miscibility of the two components in their polymer gels 
was not reported. FTIR analysis showed that there was no specific interaction between 
PVDF and [emim][BF4] and the SEM images validated that [emim][BF4] was physically 
dispersed in the PVDF matrix. These evidences indicate a heterogeneous system. As the 
gas permeability in the RTIL phase is much higher than the host polymer, this 
heterogeneous system can be conceptualized as a SILM where the polymer matrix 
provides mechanical stability and the gas permeates mainly through the RTIL phase. 
Interestingly, the PVDF/[emim][BF4] polymer gel exhibits a higher CO2 permeability and 
CO2/N2 selectivity than the homogeneous poly(RTILs)-[emim][BF4] mixture with the 
same concentration of [emim][BF4] as reported by Li et al.
 
[26] This implies that a 
heterogeneous blend of PVDF and [emim][BF4] may have better separation performance 




Therefore, the purpose of this study is to confirm and use our hypothesis to fabricate 
ionic liquid based membranes with much better separation performance. Blends made of 
[emim][B(CN)4] and PVDF are chosen in this study. We chose [emim][B(CN)4] as the 
ionic liquid phase because it has the highest CO2 permeability and CO2/N2 selectivity 
among all reported ionic liquids
 
[27,28]. In addition, both [emim][B(CN)4] and PVDF 
can dissolve readily in acetone and form a homogeneous solution. PVDF is chosen as the 
host polymer because it is not expensive and has good chemical resistance, mechanical 
strength and thermal stability. The membrane with the best performance shows a high 
CO2 permeability of 1778 Barrer with CO2/H2 and CO2/N2 selectivity of 12.9 and 41.1, 
respectively. The phase structure of polymer blends was investigated in this work. Both 
optical observation and Maxwell predictions confirm the heterogeneous nature of the 
PVDF/[emim][B(CN)4] system. Compared to miscible ionic liquid based blends, where 
molecular level interactions may restrain chain flexibility and reduce gas permeability, 
heterogeneous PVDF/RTIL blend systems show far superior gas transport properties. 
Most of these blend membranes outperform most reported materials and their gas 
transport and separation capabilities fall within the attractive region bound by the “2008 
Robeson Upper Limit” for CO2/H2 and CO2/N2 gas pairs, and are also very stable at 
trans-membrane pressure up to 5 atm. To the best of our knowledge, most ionic liquid 
based membranes have been studied mainly for the separation of CO2/N2 and CO2/CH4 
gas pairs, while the separation of CO2/H2 using such materials are rarely reported. It is 
believed the results obtained in this study is insightful for material science and the gas 
permeation behavior of polymer/ionic liquid blends and provides useful guidelines for 
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molecular design of novel membranes to remove and capture CO2 from hydrogen and 
nitrogen from syngas and flue gas streams, respectively.  
 
7.2. Results and discussion 
 
7.2.1. Physicochemical properties 
 
The phase behavior of polymer blends can be determined either by evaluating the glass 
transition temperatures
 
[29,30] or visualizing the morphology of polymer blends through 
optical inspection [31,32]. In this work, a PLM was used to characterize the phase 
behavior of the blend membranes. Fig. 7.1 shows the PLM images of pure PVDF, 
[emim][B(CN)4] and PVDF/[emim][B(CN)4] polymer blends. In this chapter, the blend 
sample is referred as PVDF/RTIL(X/X) whereby PVDF represents the host polymer 
matrix; RTIL denotes the ionic liquid [emim][B(CN)4] and X/X refers to the weight ratio 





Fig. 7. 1 PLM phase images of the pure component and blend membranes 
 
The images of pure PVDF and [emim][B(CN)4] are much smoother and clearer than the 
images of the blend membranes where serious phase separation phenomena can be 
observed. The [emim][B(CN)4] phase, which is represented as dark purple color dots, is 
embedded in the PVDF when the weight percentage of [emim][B(CN)4] is low. As the 
weight ratio of [emim][B(CN)4] to PVDF increases, the [emim][B(CN)4] phase becomes 
more obvious. The images of the blend membranes indicate that the two materials are 
immiscible over the whole composition range in this study. Hence, we are able to 
conclude that the PVDF/[emim][B(CN)4] polymer blends are heterogeneous mixtures.  
 
The PLM image of the pure PVDF is not as smooth as the pure [emim][B(CN)4], this  
could be due to the surface porosity and the semi-crystalline nature of PVDF under the 




Fig. 7. 2 DSC cooling curves of pure PVDF and blend membranes 
 
As can be seen in the cooling curve from DSC analyses in Fig. 7.2, the melting point of 
the PVDF crystals is around 100 
o
C, which is well above the testing temperature of the 
PLM analysis (room temperature). This implies that there are certain degrees of 
crystallinity in these PVDF membranes under room temperature, which may results in a 
rough surface as observed on the PLM image. The PVDF crystals still exist after the 
addition of the ionic liquid into the polymer matrix. The melting point of the PVDF 
crystals shifts to a lower temperature when the content of [emim][B(CN)4] increases. 
This observation is consistent with the work done by Hong et al.
 
[25]. The mechanical 
properties (i.e. Young’s modulus, tensile strength and extension at break) of pure PVDF 
and the blend membranes are tabulated in Table 7.1.  
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Table 7. 1 Mechanical strength of membranes 
 
 
The addition of [emim][B(CN)4] lowers the overall mechanical properties. However, the 
membranes are still strong enough to be tested even at differential pressures higher than 5 
atm, as illustrated in the gas permeation section. 
 
7.2.2. Gas permeation and separation properties 
 
7.2.2.1. Effect of ionic liquid content 
 
Pure gas permeation tests were conducted to study the gas transport properties of the 
blend membranes at 2 atm and 35 
o




Table 7. 2 Pure gas permeability, solubility and diffusivity coefficient 
 
 
The gas permeability and gas pair selectivity increase with increasing ionic liquid content 
in the membrane. Fig. 7.3 illustrates the diffusivity, solubility and permeability of CO2 as 





Fig. 7. 3 Effect of the RTIL concentration on CO2 permeability, solubility and 
diffusivity of the polymer blends at 35
o
C and 2 atm. 
 
The CO2 permeability increases significantly with increasing ionic liquid content. The 4-
fold increment in CO2 permeability is attributed to the increments in both CO2 diffusivity 
and solubility coefficient. However, the increase in diffusivity is more predominant than 
that in solubility. Wijmans and Baker
 
[33] reported that gas diffusivity is affected by the 
size and shape of the penetrant and the FFV of the polymer matrix. In this study, we 
observe that FFV increases with increasing ionic liquid content in the blend membranes. 
This phenomenon is consistent with our previous study [23] where FFV increases in the 




PAS is therefore used to characterize FFV and the information from the S parameter 
provides a qualitative comparison of FFV between the blend membranes with different 
weight ratios of PVDF/RTIL. Fig. 7.4 shows the S-parameter versus positron incident 
energy which varies from 100 eV to 30 KeV.  
 
Fig. 7. 4 S-parameter of the blend membranes as a function PVDF/RTIL ratio 
 
The S parameter increases with increasing ionic liquid content and the membrane 
containing a higher weight percent of ionic liquid has a higher S parameter. This implies 
that the membrane with a PVDF/RTIL ratio of 1/2 has the highest FFV among the tested 
membranes. This is understandable as the [emim][B(CN)4] has a much higher FFV than 
PVDF which follows the general concept that liquids have more free volumes than 
polymers [6]. In fact, the FFV of [emim][B(CN)4] is greater than most of the commonly 
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used ionic liquid and poly(RTILs) [26]. A higher free volume facilitates chain mobility in 
the polymer matrix and enhances gas diffusivity in the membrane.  
 
Another factor which contributes to the increased CO2 permeability is the solubility 
coefficient. As can be seen from Fig 7.3, although the solubility increment is not as 
drastic as the diffusivity increment; the CO2 solubility of the blend membrane is higher 
than those rubbery polymeric membranes [34-37]. This is owing to the fact that the ionic 
liquid used in this study has a high CO2 solubility and the CO2 solubility of 
[emim][B(CN)4] is even higher than [emim][Tf2N] which is the most popular ionic liquid 
used for CO2 separation [28]. Fig. 7.5 shows the CO2 sorption isotherms of the blend 
membranes with comparison to pure PVDF and [emim][B(CN)4].  
 





The sorption isotherms of all the membranes are essentially linear, which display a 
typical characteristic of rubbery materials [33]. The CO2 solubility of all the blend 
membranes falls between pure PVDF and [emim][B(CN)4], which is reasonable for 
blending systems. 
 
7.2.2.2. Effect of pressure on gas separation performance 
 
The membrane with the best performance, PVDF/RTIL (1/2), was used to investigate the 
effect of operating pressure on gas separation performance. Fig. 7.6 shows the pure gas 
permeability and selectivity as a function of feed gas pressure. Taking the issue of safety 
in consideration, the maximum feed pressure of H2 was 5 atm.  
 




As observed, the CO2 permeability maintains almost constant throughout the range of 
testing pressure. In addition, the ideal CO2/H2 and CO2/N2 selectivity are also maintained. 
These results indicate that the membrane performance is very stable at a differential 
pressure range of up to 5 atm. Compared to rubbery polymeric membranes where CO2 
permeability starts increasing at very low CO2 partial pressures and results in losing the 
efficiency of gas separation [38,39], the PVDF/RTIL blend membranes show better 
stability. This result is consistent with the observation by Li et al. [23], where no 
significant chain swelling phenomenon was detected for the poly(RTILs)-RTIL 
composite membrane tested at low pressures (< 10 atm).   
 
7.2.2.3. Permeability simulation by the Maxwell equation 
 
Since the blend system is heterogeneous, the permeability of the blend membranes can be 




















                                                   (7-1) 
where Peff is the effective permeability, PC and PD are the permeability of the continuous 
phase and dispersed phase, respectively, and D  is the volume fraction of the dispersed 
phase in the blend membranes. The permeability of [emim][B(CN)4] is approximated 
from the permeability of [emim][Tf2N] and the permeance ratio of [emim][B(CN)4]/ 
[emim][Tf2N] previously determined by P. Scovazzo
 
[27] and Mahurin et al. [28]. They 
reported that the CO2 permeability of [emim][Tf2N] was 1702 Barrer and the CO2 
permeance ratio of [emim][B(CN)4]/[emim][Tf2N] SILMs with the same membrane 
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thickness was 1.4. Hence, the CO2 permeability of [emim][B(CN)4] was estimated to be 
2380 Barrer. The permeability of pure PVDF was determined by measuring the gas 
permeability of CO2 of the dense film cast from the solvent evaporation method. The 
Maxwell prediction curve in Fig. 7.7 is constructed by assuming [emim][B(CN)4] as the 
continuous phase.  
 
Fig. 7. 7 Comparison between the Maxwell predicted values and experimental data 
 
The graph shows that the experimental results and the Maxwell predicted values are in a 
good agreement especially at a higher ionic liquid concentration. The gases preferentially 
diffuse through the membrane via the ionic liquid phase because of its higher 
permeability than PVDF. However, the discrepancy between the predicted and 
experimental values is observed for the polymer blends with a lower ionic liquid 
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concentration (i.e., PVDF/RTIL 2/1). Since the volume concentration of RTIL is 47 % 
(i.e., less than 50%) for the PVDF/RTIL (2/1) polymer blend, some ionic liquids may 
form discontinuous phases. In addition, a large amount of low permeable PVDF phases 
make the gas molecules to travel longer distances across the membrane. The high 
tortuosity of gas passageway and the possibility of forming discontinuous phases of ionic 
liquids may be the reasons causing the experimental value lower than the Maxwell 
prediction. The diagonal line is constructed by assuming the two materials can be blended 
as a miscible phase. In this case, the gas permeability can be predicted using the 
following equation [41]. 
2211 lnlnln PPP                                                                      (7-2) 
where P, P1 and P2 are the permeability of the blend and the pure components 1 and 2, 
respectively; 1 and 2 are the volume fractions of components 1 and 2, respectively.  
Compared to the homogeneous blend, the separation performance of the heterogeneous 
blend system is much better. This is due to the fact that the molecular level interaction in 
homogeneous miscible blends may restrain chain flexibility and reduce gas permeability. 
Hence, the immiscibility of the two materials is the major factor contributes to the high 
gas permeability in PVDF/[emim][B(CN)4] polymer blends. 
 
7.2.2.4. Mixed gas performance 
 
Mixed gas tests were performed with an equimolar gas mixture of CO2/ H2 and CO2/ N2, 
in which the testing temperature was 35 
o
C and the partial pressure of CO2 was 2 atm. 
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The blend membrane PVDF/RTIL (1/2) was used to perform the mixed gas tests and 
Table 7.3 summarizes the results.  
 
Table 7. 3 Mixed gas permeation test results of PVDF/RTIL (1/2) 
 
It can be observed that the gas permeability of all the gases in mixed gas tests is slightly 
lower than those in pure gas tests. The reduced gas permeability in the mixed gas test can 
be attributed to the introduction of the second component in the gas feed which reduces 
the concentration of the other gas component in the membrane matrix [37,42,43]. 
 
The reduction of CO2 permeability is more than those of H2 and N2 permeability, which 
leads to slightly reduced CO2/H2 and CO2/N2 selectivity in the mixed gas tests. Compared 
with pure gas tests, the higher degree of reduction in CO2 permeability is probably due to 
two factors. In addition to the sorption competition [44], the other factor is owing to the 
presence of CO2 that would reduce the viscosity of the ionic liquid [45]. In other words, 
the presence of CO2 in mixed gas tests increases the diffusivity of H2 or N2 as well as the 
permeability of H2 and N2. As a result, the CO2/H2 and CO2/N2 selectivity decreases in 
mixed gas tests.  
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7.2.3. Comparison of gas separation performance 
 
Many excellent works have been done to fabricate membranes for CO2/H2 and CO2/N2 
separation [34-37,46]. Their gas separation performance was either close to or surpassed 
the upper bound lines. Fig. 7.8 shows a performance comparison in terms of mixed gas 
tests between the current study and some key literatures for CO2/H2 and CO2/N2 
separation.  
 
Fig. 7. 8 Mixed gas permeation test results compared with the upper bound line 
 
As can be seen, the PVDF/RTIL (1/2) membrane has a very high CO2 permeability and 
CO2/light gases selectivity compared to the other membrane materials. In addition, the 
ease of membrane fabrication, low volatility, good thermal and mechanical properties 







Heterogeneous PVDF/[emim][B(CN)4] blend membranes with superior gas transport 
properties have been successfully prepared by a simple solvent evaporation method. The 
pure gas tests show that the PVDF/[emim][B(CN)4] (1/2) blend has a CO2 permeability 
of 1778 Barrer with selectivity of 12.9 and 41.1 for CO2/H2 and CO2/N2 gas pairs, 
respectively. The following conclusions can be made: 
(1) Compared to miscible ionic liquid based blends where molecular level 
interactions may restrain chain flexibility and reduce gas permeability, 
heterogeneous PVDF/[emim][B(CN)4] blend systems show much better gas 
transport properties. A good agreement has been observed between the 
experimental data and Maxwell prediction that confirms the heterogeneous nature 
of the PVDF/[emim][B(CN)4] system.  
(2) The rapid increase in CO2 permeability with increasing RTIL percentage is 
attributed to the increments in both diffusivity and solubility. However, the 
increment of CO2 diffusivity plays a much more important role than that of CO2 
solubility. In addition, all the PVDF/[emim][B(CN)4] blend membranes have very 
stable gas permeation properties up to 5 atm.    
(3) The mixed gas tests show that the PVDF/[emim][B(CN)4] (1/2) blend has a CO2 
permeability of 1532-1595 Barrer with selectivity of 11.7 and 37.5 for CO2/H2 
and CO2/N2 gas pairs, respectively. The slight reductions in CO2 permeability, 
CO2/N2 and CO2/H2 selectivity might be due to the competitive sorption in binary 
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gas separation systems. The mixed gas CO2/H2 performance is very close to, 
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CHAPTER 8  
 
 







8.1.1. A review of the research objectives 
 
Polymeric membranes suffer from the trade-off between the gas permeability and 
permselectivity, especially in glassy polymers. However, the situation can be alleviated in 
rubbery materials. In this work, it is proven that polymeric membranes with attractive 
CO2 separation performance can be obtained by designing novel materials or simple 
modifications on the traditional polymeric materials. The engineering of the PEO 
containing copolyimides display much improved CO2 removal ability and CO2/H2 
selectivity inspires us to explore further on the rubbery materials. The modified polymer 
silica hybrid materials display outstanding capability for removing CO2 from hydrogen 
and flue gas, whilst the discovery of PVDF/ionic liquid polymer blends provide a 
guidance on the material selection on polymer and ionic liquid blends. Composite hollow 
fiber membranes are fabricated using continuous coating process which augments the 
potential to use the newly developed rubbery materials to industrial applications. 
 
8.1.2. Fabrication of PEO containing copolyimides for CO2/H2 separation 
 
Glassy polyimides possess excellent chemical and mechanical stabilities however they 
either suffer from low gas permeability or permselectivity. Incorporating of CO2-philic 
materials such as PEO is an effective approach for enhancing CO2 permeability without 
compromising CO2/H2 selectivity. The PEO content in the membrane is the main factor 
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influence the membrane performance because the more EO units the higher CO2 
solubility and CO2/H2 selectivity. A series of PEO containing copolyimides PMDA-
ODA-PEO1 with different weight percent of PEO are studied. The CO2 permeability is 
reaped from 3.1 Barrer to 131.0 Barrer when the PEO content increases from 20 to 60 
wt%. Owing to the flexible polymer chains in PEO, the diffusivity of the copolymer 
increased significantly by 80 folds, therefore the huge increment in CO2 permeability is 
ascribed to the increase in CO2 diffusivity coefficient. Attributed to the high interaction 
between PEO and CO2, the solubility selectivity of CO2/H2 also increased which results 
in reverse selective of the membrane.  
 
High molecular weight of PEO has higher CO2 solubility however it is easier to 
crystallize which is undesirable in gas transport. Hence an optimum molecular weight of 
PEO should be chosen to achieve high CO2 separation performance. In the PEO 
containing copolyimides, the degree of intrusion between the hard phase and soft phase is 
another point to take into consideration when designing a membrane material. The 
intrusion of the soft PEO phase into the hard polyimide phase reduces the effective 
volume of the PEO phase where the gas can penetrate across easier. Such a problem can 
be minimized by choosing a polyimide with small free volume.  The experimental results 
illustrate that the PMDA based copolyimides have better gas separation performance than 




8.1.3. Fabrication of composite hollow fiber membranes for CO2/N2 separation 
 
Rubbery polymers containing PEO have shown impressive gas separation performances. 
The challenge posted to the researchers is to convert this material into hollow fiber 
configuration which is useful in large scale industrial applications. PEO containing 
rubber material is difficult to spin into hollow fiber via dry jet wet spinning process due 
to its slow phase inversion rate in any of the experimentally known solvents. Hence 
fabricating composite hollow fiber membrane is another way to achieve the objective. 
The composite hollow fiber membranes are designed by coating ultrathin layers of a 
poly(ethylene glycol) PEG containing hybrid material onto the polyethersulfone (PES) 
porous substrate for CO2/N2 separation. The asymmetric PES hollow fiber substrate is 
prepared by a dry-jet wet spinning process. Multiple ultrathin layers of the PEG 
containing hybrid polymer were then coated onto the substrate by continuous coating 
equipment that can be readily scaled up for industrial applications. The surface 
morphology of the substrate plays a critical role to the ultimate performance of the 
membrane. The ideal substrate should possess high surface porosity and small pore size. 
However this morphology is extremely difficult to achieve in hollow fiber spinning via 
dry jet wet spinning process. The concentration of the polymer solution determines the 
surface porosity and pore size, generally higher concentration leads to lower surface 
porosity and smaller pore size and vice versa. Compared to substrate with high surface 
porosity and big pore size, the one with smaller pore size is preferred because solution 
intrusion tends to happen when the pore size is big. The solution intrusion leads to 
increase the substructure resistance which has detrimental effect to the gas separation 
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performance. Besides the surface morphology of the substrate, the concentration of 
coating solutions and pre-wetting agents also affect the performance of membranes. High 
concentration of the coating solution is easier to produce a defect free coating layer, but 
the gas permeance is compromised and vice versa. Therefore, an optimum concentration 
of the coating solution should be applied to obtain high gas selectivity with reasonable 
high gas permeance. The purpose of using pre-wetting agent is to temporarily seal the 
pores on the surface to prevent the intrusion of the coating solution and the pre-wetting 
agent needs to be removed eventually. Hence, many factors (i.e. miscibility with the 
coating solution, removing method after coating, solvent volatility etc.) must be taken 
into consideration while making the selection of the pre-wetting agent. The pre-wetting 
agent should be immiscible to the coating solution to prevent the penetration of the 
coating solution into the pores. It should be easy to remove without damaging the 
property of the composite membranes.  
 
 8.1.4. Modification of rubbery polymers 
 
Rubbery polymers are deficient in mechanical strength, hence to choose a host polymer 
which has strong mechanical property is necessary to ensure the overall mechanical 
property of the membrane. The polymer silica hybrid material is modified by blending 
PEGDME into the matrix. The increase in CO2 permeability can be attributed to both 
increases in CO2 diffusivity and solubility. The liquid state of PEGDME has high gas 
diffusivity and the methyl end groups hinder the hydrogen bonding between the polymer 
chains. Two factors contribute to the increase in CO2 solubility; one is the increased EO 
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unit in the PEGDME and the other one is attributed to the presence of Si-O bond which 
has high affinity towards CO2. The addition of the PEGDME into the polymer solution 
facilitates the condensation reaction between the siloxane groups in the sol-gel process 
which leads to the formation of more clusters of nanoparticles in the matrix. The clusters 
of the fully porous siloxane network in the blended membranes reduces the surface 
energy which is thermodynamically favored to facilitate the CO2 desorption. Upon the 
addition of PEGDME into the matrix, the combination effects from the morphological 
evolution in the silica nanoparticles and the flexibility of the polymer chains result in a 
drastic improvement in CO2 permeability and CO2/H2 selectivity where the CO2 
permeability increases by 6 folds to 1637 Barrer and the CO2/H2 selectivity reaches 13, 
respectively. This result demonstrated that the performance of the membrane can be 
achieved by very simple modification.  
 
The reasons to choose PVDF and [emim][B(CN)4] as the material for CO2 separation are 
firstly [emim][B(CN)4] has high CO2 permeability. Secondly, PVDF not only have good 
mechanical strength but also it forms heterogeneous blends with PVDF. Based on our 
experience, poly(RTILs) or poly(RTILs)-RTIL composite membrane has average gas 
separation performance due to the restriction of chain mobility after polymerization. 
Hence designing a heterogeneous system is essential to maximize the potential of the 
CO2 removal ability of ionic liquids. The CO2 permeability increases with increasing 
content of ionic liquid in the membrane and it can be attributed to both increases in CO2 
diffusivity and solubility. The PVDF/[emim][B(CN)4] with weight ratio of 1/2 shows a 
high CO2 permeability of 1778 Barrer with CO2/H2 and CO2/N2 selectivity of 12.9 and 
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41.1, respectively. The mechanical strength of the membrane decreases with increasing 
content of ionic liquid. However, it is strong enough to withstand a trans-membrane 
pressure up to 5 atm as proven in the experimental results. In fact the membrane is 
stronger and more stable compared to the supported liquid membrane. 
 
Although the uses of rubbery materials in industrial applications are still limited, the gas 
separation performance and the improved mechanical strength of the membranes have 
challenged the dominant force of glassy materials in gas separation applications. With the 
emphasis on cost effectiveness and green technology, the CO2-selective membranes with 
superior CO2 removing ability and high CO2/N2, CO2/H2 selectivity are potential to 
replace the current conventional technologies and state of art polymeric membranes for 




8.2.1. Grafting mono-functional PEGs on polyimide membranes 
 
The ether oxygen unit in PEG has been identified to have strong interaction with CO2. 
The grafting of mono-functional PEGs on polyimide membranes increases the solubility 
selectivity of CO2/light gases and probably converts the membrane from H2-selective to 
CO2-selective. Since the reaction between the imide and amine group is not that difficult, 
the grafting of mono-functional amino PEGs on the polyimides provides a platform to 
modify the existing polyimide films. The advantage of using the grafting technique is that 
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will be minor effects on mechanical strength of the membrane as the reaction converts 
polyimide to polyamide. The utilization of mono-functional amino PEGs does not have 
any cross-linking effect which amplifies the diffusivity selectivity of H2/CO2. Hence the 
incorporation of flexible PEG chains not only increases the DCO2/DH2 to unity but also 
increase the SCO2/SH2. In addition, the variety of different molecular weight of PEG 
provides opportunities to tune the performance of the membranes. 
 
8.2.2. Extension of multi-layer coating technique to other materials  
 
This project has demonstrated that the PEO containing hybrid materials can be coated 
onto a porous hollow fiber substrate to form a composite membrane. The technique has 
overcome the deficiency that PEO has slow phase inversion rate and it has difficulties to 
spin into hollow fiber via dry-jet wet spinning process. The technique can be extended to 
use for those materials possess good gas separation performance however the cost of the 
material is high. By using this coating method, the material cost can be reduced 
significantly. Recently, the polymer intrinsic microporosity (PIM) and thermal-
rearranged (TR) materials have attracted much attention due to their outstanding gas 
separation performances. However, from the economic viewpoint, it is not feasible to 
develop these materials into hollow fiber, especially for single layer hollow fiber. Hence, 





8.2.3. Facilitated transport membranes  
 
The amine carriers in the membrane matrix react with CO2 and facilitate the transport of 
CO2 across the membrane. The incorporation of the amino functional groups in the 
rubbery polymers amplifies the increase in CO2 permeability because the flexible 
polymer chains in rubbery material increases the mobility of the carrier for transporting 
gas molecules. In this work, we have demonstrated that the CO2 permeability increases 
significantly by blending PEGDME into the polymer silica hybrid material. It is 
interesting to explore the membrane performance by replacing the PEGDME with other 
amino functional materials. According to the literatures, the sterically hindered amines 
have higher efficiency for the facilitated transport of CO2 than non-sterically hindered 
amines. So it is meaningful to study a series of membrane which contains different types 
of amine.  
 
8.2.4. Development of mixed matrix membranes 
 
Although many rubbery membranes display excellent gas transport and separation 
performances, their mechanical strength needs to be further improved to extend their 
applications in more harsh environments. Porous fillers such as zeolite, zeolite 
imidazolate framework (ZIF) and polyhedral oligomeric silsesquilxane (POSS) are good 
candidates to improve the thermal stability of the rubbery materials as they are proven to 
be thermally stable up to very high temperatures. In addition, the rubbery polymer matrix 
has a good adhesion between the organic and inorganic phases which improve the 
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integrity of the mixed matrix membranes. From the literatures, the gas permeability 
increases with increasing loading of the porous filler. With the proposed mixed matrix 
system, the porous filler increases the gas permeability and the selectivity can be 
guaranteed by the high CO2/light gases solubility selectivity from the organic materials.   
